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ABSTRACT 
 
Meiosis is essential for sexual reproduction. The proper segregation of 
chromosomes in meiosis requires multiple functions of a multi-subunit protein complex 
known as cohesin. Cohesin forms a ring around duplicated sister chromatids and 
prevents them from separating prematurely. In Drosophila, mitotic cohesin is composed 
of four subunits: SMC1 and SMC3 and SCC1/RAD21 and SCC3/SA and are required 
for mitotic cohesion.  However, RAD21 is dispensable for meiotic cohesion and 
although SMC1 and SMC3 are present on meiotic centromeres and on synapsed 
chromosome arms, as expected, their functions in meiosis remain poorly characterized.  
Moreover, unlike in other eukaryotes in which screens for meiotic cohesion genes have 
revealed meiosis-specific cohesin paralogs such as the conserved RAD21 paralog 
REC8, similar screens in Drosophila identified three novel genes that encode meiosis-
specific centromere proteins   (SOLO, ORD and SUNN (SOS)) with no apparent 
similarity to cohesins. Loss-of-function mutations in all three genes disrupt centromere 
cohesion and SMC1/3 centromere localization, and cause random chromatid 
segregation.  We are investigating the role of cohesins in Drosophila male and female 
meiosis by using germ-line specific RNAi (RNA interference) to deplete one of the core 
cohesins - SMC3. When we knockdown SMC3 in the male germline we observe 
premature loss of cohesion between the sister centromeres of some (but not all) 
chromosomes during prophase I, and numerical mis-segregation of major autosomes 
(2nd and 3rd).  Surprisingly, however, cohesion and segregation of the sex chromosomes 
is nearly unaffected by depletion of SMC3. Even more remarkably, SMC3 knockdown in 
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the female germline has no apparent effect on centromere cohesion.  This result is 
probably not due to incomplete depletion of SMC3 as synaptonemal complexes (which 
require SMC1 and SMC3 as components of the lateral elements) are completely 
eliminated in the SMC3-depleted oocytes. We show that despite the absence of cohesin 
proteins from centromeres, SOLO localizes normally to the centromeres in SMC3 
knockdown in both male and female germlines. These results suggest the hypothesis 
that SOLO along with SUNN and ORD can provide cohesion to centromeres in the 
absence of the cohesins. This is the first clear evidence for a non-cohesin-based 
cohesion mechanism in any eukaryote.   
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CHAPTER ONE 
 
INTRODUCTION AND LITERATURE REVIEW 
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Meiosis 
 Meiosis is a specialized cell division mechanism and is essential for 
sexual reproduction in eukaryotes. During meiosis, one diploid cell generates four 
haploid cells or gametes because one step of DNA replication is followed by two stages 
of chromosome segregation. The fusion of two gametes during sexual reproduction then 
restores diploidy in the zygote. Meiosis consists of a “reductional” division (meiosis I) in 
which homologous chromosomes (homologs) segregate to opposite poles, followed by 
an “equational” division (meiosis II, mitosis-like) in which sister chromatids segregate 
(Page and Hawley 2004) (Petronczki, Siomos et al. 2003) (Figure 1-1A). Errors in 
meiosis, such as nondisjunction (NDJ) (Figure 1-1B) and chromosome loss, result in 
aneuploidy that is the leading cause of genetic diseases, miscarriages and mental 
retardation in humans (Hassold and Hunt 2001).  
During meiosis, an important mechanism called chromosome cohesion occurs. 
Cohesion is a close, parallel alignment and connection between sister chromatids 
during meiosis and mitosis after DNA replication. Cohesion helps to propagate 
chromosomes properly to daughter cells during both meiosis I and meiosis II 
(Petronczki, Siomos et al. 2003). Loss of sister chromatid cohesion can lead to 
premature sister chromatid separation (PSCS, Fig. 1-1C) and give rise to nondisjunction 
of   homologous chromosomes (homolog NDJ, HNDJ) during meiosis I  or of sister 
chromatids during meiosis II (Sister chromatid NDJ, SNDJ), generating aneuploid 
gametes.   
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These aneuploid gametes formed due to abnormal or defective cohesion during 
meiosis lead to developmental defects like Cornelia de Lange and Roberts syndromes 
(Tonkin, Wang et al. 2004) (Vega, Waisfisz et al. 2005)  and to aneuploidy which 
causes infertility and miscarriage. In humans, 30% of miscarriages and 15% of infertility 
are due to improper meiotic events like cohesion (Hassold and Hunt 2001) (Suja and 
Barbero 2009). Only 0.3% of the improper meiotic events causing aneuploidy in human 
oocytes are compatible with live birth. These live birth events give rise to trisomy 21 
(Down’s syndrome), trisomy 18 (Edward’s syndrome) and trisomy 13 (Patau syndrome) 
(Hassold and Hunt 2001). Aneuploidy due to improper cohesion is the leading cause of 
chromosome instability in colorectal cancers in humans (Ishikawa and Barber 2008). 
Therefore, studying proteins that facilitate proper cohesion and segregation of genetic 
material during meiosis is very important, and we are interested in uncovering the role 
of cohesins in Drosophila meiosis.  
Role of cohesion and cohesins during meiosis 
 During pre-meiotic S-phase, the newly formed sister chromatids become 
connected by ring-shaped protein complexes called cohesins that are loaded onto 
chromatin before or during S phase (Figure 1-2). At anaphase I,  removal of cohesin 
from the chromosome arms triggers segregation of homologous chromosomes and at 
anaphase II removal of cohesins from the centromere regions triggers segregation of 
sister chromatids. (Nasmyth and Haering 2009).  
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Figure 1-1 Meiosis, chromosome segregation, and chromosome NDJ 
1A. This schematic shows a pair of homologous chromosomes undergoing meiosis. 
The chromosomes are color coded as one comes from the father, and the other comes 
from the mother. During S phase of interphase, the homologous chromosomes undergo 
one round of DNA replication and enter meiosis. At Meiosis I the homologous 
chromosomes are segregated into two daughter cells, known as reductional division. At 
Meiosis II the sister chromatids separate to form four haploid gametes in an equational 
division pattern. 1B. Non-disjunction events are shown in this diagram. Meiosis I NDJ 
events arise from improper homolog segregation. Meiosis II NDJ events arise from 
improper sister chromatid separation. 1C. Premature sister chromatid separation 
(PSCS) gives rise to random assortment during meiosis I and meiosis II, which can 
cause either sister chromatid nondisjunction at meiosis II (left half) or equational 
segregation (in which sister chromatids rather than homologs segregate from each 
other) at meiosis I (right half).  Either type of error leads to nondisjunction and  
aneuploidy . 
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 Cohesin contains four core proteins: SMC1, SMC3, SCC1/MCD1/RAD21, and 
SCC3/SA.  The first three proteins form a tripartite ring that is thought to encircle a pair 
of sister chromatids and provides cohesion (Nasmyth and Haering 2009). The SMC 
(Structural Maintenance of Chromosomes)   proteins, belong to a superfamily of 
proteins found in prokaryotes and are conserved in eukaryotes, that plays multiple roles 
in chromosome dynamics and segregation (Nasmyth and Haering 2009) (Peters, 
Tedeschi et al. 2008). In the cohesin ring, SMC1 and SMC3 interacts with their globular 
hinge domain at one end and their N- and C-termini (ATPase domains, nuclear binding 
domains) to form heterodimers giving rise to a “V” shaped structure.  The “α-kleisin” 
subunit SCC1/MCD1 (in yeast, RAD21 in other eukaryotes) act as a bridge between the 
ATPase domains of SMC1 and SMC3 and forms the “tripartite ring” in mitotic cohesin 
complexes or Rec8 (an SCC1/RAD21 paralog) in meiotic cohesin complexes. The 
fourth member of this ring SCC3/SA interacts with SCC1/RAD21 but not directly with 
the SMCs are required for sister chromatid cohesion (Figure 1-3). The endopeptidase 
Separase cleaves the “α-kleisin” subunit SCC1/RAD21/Rec8 at anaphase to resolve 
this ring structure. Thus cleaving of cohesins is followed by the removal of cohesion 
from the chromatin, triggering the chromosome segregation events (Lee and Orr-
Weaver 2001) (Nasmyth and Haering 2009).  
 Cohesion is essential for both stages of chromosome segregation during meiosis 
(meiosis I and meiosis II). During early prophase I stage of meiosis DNA exchange 
(crossing over) takes place between the homologous chromosomes, which forms stable 
connections between them giving rise to a structure known as “chiasmata” (Figure 1-2). 
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“Chiasmata” hold the homologous chromosomes together after the disassembly of SC 
before the onset of metaphase I and prevent them from prematurely disjoining. In most 
eukaryotes, homolog cohesion has been implicated to stabilize chiasmata by stabilizing 
the connection between crossed over chromatids and their sisters away from the cross 
over sites. As the cohesins are removed from the arms by Separase at metaphase I to 
anaphase I transition, the “chiasmata” are resolved, and homologous chromosomes 
segregate (Carpenter 1994) (Petronczki, Siomos et al. 2003). However, the cohesins 
are retained at the centromere until anaphase II and help the chromosomes to align 
properly on the metaphase II plate during meiosis II. Cleavage of centromeric cohesins 
by Separase at anaphase II triggers sister chromatid separation (Figure 1-2). Thus, the 
meiotic chromosome segregation pattern involves a “two-step” removal of cohesins. An 
evolutionarily conserved family of proteins called “Shugoshins” (MEI-S332 in 
Drosophila),  protect the cohesion at the centromeres during anaphase I by recruiting 
PP2A (a serine/threonine protein phosphatase 2A enzyme), that prevents cohesins at 
the centromere from getting phosphorylated (CK1 mediated phosphorylation of Rec8) 
and cleaved during meiosis I (Clift and Marston 2011) (Watanabe 2005). Thus 
Separase is not able to cleave non-phosphorylated Rec8 at anaphase I, but as 
Shugoshins are either removed or de-activated after anaphase I, then Separase can 
cleave Rec8 at anaphase II and release sister chromatids to move to opposite poles (1-
2). The meiosis-specific alpha-kleisin Rec8 is also crucial for this two-step cohesin 
removal mechanism as the mitotic alpha-kleisin SCC1/Rad21 is incapable of being 
protected from Separase cleavage at anaphase I (Nasmyth and Haering 2009). 
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 The above mentioned meiotic script is very common in most eukaryotes and is 
known as “chiasmate pathway.” But in Drosophila males, other Dipteran males, and 
Lepidopteran females there is an “achiasmate pathway” of chromosome segregation 
during meiosis. In Drosophila males and other similar systems, there is no crossing-over 
(or chiasmata formation) to hold the homologs together, in place of which a specialized 
complex known as the “conjunction complex” connects the homologs throughout 
meiosis I. In Drosophila two members of this “conjunction complex”, Modifier of mdg4 in 
Meiosis (MNM) and Stromalin in Meiosis (SNM), have been identified (Thomas, Soltani-
Bejnood et al. 2005).  
 The composition of the meiotic cohesion apparatus is still not well understood in 
Drosophila melanogaster. This is due to three major problems: 1) No ortholog of Rec8 
has been discovered in the Drosophila genome. 2) Mitotic cohesins (RAD21 and SA) 
are found to be dispensable for sister chromatid cohesion during meiosis (Urban, 
Nagarkar-Jaiswal et al. 2014) (Gyuricza, Manheimer et al. 2016) 3) No viable mutants to 
understand the functional role of SMCs in Drosophila cohesion. However, three other 
genes with central roles in meiotic cohesion were discovered in Drosophila in genetic 
screens for chromosome missegregation: orientation disruptor (ord), sisters on the 
loose (solo) and sisters unbound (sunn) (Bickel, Wyman et al. 1996, Bickel, Wyman et 
al. 1997, Bickel, Orr-Weaver et al. 2002, Webber, Howard et al. 2004, Khetani and 
Bickel 2007) (Yan, Thomas et al. 2010, Yan and McKee 2013) (Krishnan, Thomas et al. 
2014). The main loss of function phenotype for all three genes is premature loss of 
sister chromatid cohesion (PSCS) and high frequencies of NDJ of both homologs and 
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sister chromatids in both male and female meiosis. SOS (SOLO/ORD/SUNN) proteins 
are also required for other associated roles of cohesins like recombination and SC 
stability in female meiosis. The SOS proteins co-localize with SMC cohesins and are 
required for their stable localization to centromeres, but exactly how they interact with 
cohesin and what are the specific roles of SOS proteins and cohesins in meiotic 
cohesion remain unclear. Thus it has become important to understand the role of 
cohesins in Drosophila meiosis and with the advent of transient mutation strategies to 
deplete SMCs in meiosis (like in our study), we will able to solve this puzzle (meiotic 
cohesion apparatus).  
The Cohesin Ring and Cohesion in Drosophila  
The four core cohesin  subunits, SMC1, SMC3, Rad21/Scc1, and Scc3/SA are 
encoded by the Drosophila genome (Nasmyth and Haering 2005) (Figure 1-3). In 
Drosophila mitotic cells, RAD21 and SAs are found to localize on the predicted regions 
of the chromosomes (Vass, Cotterill et al. 2003, Valdeolmillos, Viera et al. 2007). 
Depletion of RAD21 caused loss of centromeric cohesion, and mitotic cell progression 
was blocked (Vass, Cotterill et al. 2003). The conserved cohesin co-factors are also 
found to be expressed by the Drosophila genome; Nipped-B/Scc2, Scc4, Pds5, 
Dalmation/Sororin, San and Deco, Wapl, Mei-S332, Securin and Separase (comprised 
of three proteins, Sse, Pim and Thr) (Kerrebrock, Moore et al. 1995) (Verni, Gandhi et 
al. 2000) (Panizza, Tanaka et al. 2000) (Williams, Garrett-Engele et al. 2003) (Rollins, 
Korom et al. 2004) (Dorsett, Eissenberg et al. 2005) (Nasmyth and Haering 2009)  
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Figure 1-2 Major meiotic events, chromosome segregation, and 
cohesion 
At pre-meiotic S phase, sister chromatids are produced by DNA replication. Cohesins 
(blue and red rings) are holding the sister chromatids. Chromosome condensation, 
homolog pairing and recombination are initiated at early prophase I. At mid prophase I, 
the synaptonemal complex (SC) (yellow connectors) is completely assembled between 
homologs. Crossing-over of DNA occurs between paired homologous chromosomes. 
Crossing-over is completed by the end of prophase I and SC are disassembled, but the 
homologs are still connected by chiasma. During metaphase I, the sister centromeres 
are mono-oriented towards the same pole and homologs are mono-oriented towards 
opposite poles. From opposite poles, microtubules arise and attach to homolog 
kinetochores. At anaphase I, the arm cohesins are destroyed, and resolution of chiasma 
occurs and thus homologs are pulled towards opposite poles by microtubules. Then at 
metaphase II, the sister centromeres are oriented towards opposite poles and at 
anaphase II the cohesins near the centromeres are destroyed, and sister chromatids 
separate and move towards opposite poles. After all these events, the nuclear 
membrane is re-formed, and cytokinesis occurs which leads to the production of four 
diploid cells. The arrows from left to right direction should be followed to understand the 
steps in meiosis. 
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12 
(Nishiyama, Ladurner et al. 2010). Separase cleaves RAD21 in Drosophila mitosis to 
release cohesin (Herzig, Lehner et al. 2002)  (Nishiyama, Ladurner et al. 2010). 
The conserved cohesin co-factors are also found to be expressed by the 
Drosophila genome; Nipped-B/Scc2, Scc4, Pds5, Dalmation/Sororin, San and Deco, 
Wapl, Mei-S332, Securin and Separase (comprised of three proteins, Sse, Pim and Thr) 
(Kerrebrock, Moore et al. 1995) (Verni, Gandhi et al. 2000) (Panizza, Tanaka et al. 
2000) (Williams, Garrett-Engele et al. 2003) (Rollins, Korom et al. 2004) (Dorsett, 
Eissenberg et al. 2005) (Nasmyth and Haering 2009) (Nishiyama, Ladurner et al. 2010). 
Separase cleaves RAD21 in Drosophila mitosis to release cohesin (Herzig, Lehner et al. 
2002)  (Nishiyama, Ladurner et al. 2010). As mentioned before, no Rec8 variant of Scc1 
has been discovered in Drosophila meiosis. Besides RAD21, the only known α-kliesin 
family member encoded by the Drosophila genome is C(2)M; it physically associates 
with SMC3 and is required for the formation of chromosome cores/chromosome axes, 
but it is not a functional REC8 homolog as it has no role in sister chromatid arm or 
centromere cohesion (Anderson, Losada et al. 2002) (Heidmann, Horn et al. 2004) 
(Khetani and Bickel 2007) (Manheim and McKim 2003).  
Due to the absence of viable mutants for SMC1 and SMC3 (Mouri, Horiuchi et al. 
2012) (Haelterman, Jiang et al. 2014), most  studies that have provided insight into the 
role of core cohesins in Drosophila meiosis have used either FLP/FRT (clonal analysis) 
or RNAi depletion techniques (Tanneti, Landy et al. 2011). In wild-type female meiosis, 
SMC1 and SMC3 have been shown by immunocytology to localize to centromeres and 
chromosome arms (Khetani and Bickel 2007) (Yan, Thomas et al. 2010, Yan and 
  
 
13 
McKee 2013). When SMC3 was depleted in Drosophila oocytes using a shRNA 
expressed under control of the germline specific P(GAL::VP16-nos.UTR)CG6325MVD1 
(also known as NGMVD1) driver immunostaining of chromosomes showed a complete 
absence of the cohesin SMC1, the lateral element protein C(2)M and the transverse 
filament protein C(3)G (proteins that associate with oocyte chromatin and form 
prominent ribbon-like structures if synapsis is successful). SMC1 germline clones 
induced using the FRT/FLP system (Chou and Perrimon 1992) showed similar 
disruption of C(3)G and C(2)M filamentous structures. These results indicated that both 
SMC1 and SMC3 are required for SC formation during Drosophila female meiosis 
(Tanneti, Landy et al. 2011). Further analysis of SMC3 RNAi knockdown oocytes 
showed loss of centromeric clustering (non-homologous centromeres form one to three 
clusters throughout prophase I  in wildtype oocytes) but not centromeric cohesion.  Two 
recent studies revealed that centromere cohesion is still intact in metaphase I-arrested 
stage 14 oocytes in the SMC3 knockdown (Gyuricza, Manheimer et al. 2016) (Guo, 
Batiha et al. 2016). Indicating that SMC3 depletion does not affect centromeric cohesion 
in Drosophila female meiosis.  However, homolog crossover frequencies are reduced 
(Gyuricza, Manheimer et al. 2016) and the metaphase I arrested state is frequently 
disrupted in SMC3 knockdowns suggesting a possible loss of arm cohesion (Guo, 
Batiha et al. 2016).  These results suggest that the, core cohesin subunits SMC1 and 
SMC3 may be  required for homolog interactions and arm cohesion in Drosophila 
female meiosis but not for centromere cohesion.  
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. Another study knocked down the core cohesins (SMC1 and SMC3) in 
Drosophila oocytes after the establishment of cohesion and SC formation, and showed 
premature disassembly of SC in stage 2 oocytes.  This study combined and compared 
effects of Eco1 knockdown with a SMC1 and SMC3 knockdown, and found that 
replenishment of cohesins are required after pachytene to maintain proper metaphase I 
arrest in female ovaries for a long period (Weng, Jeffreys et al. 2014). But this study did 
not test what happens to centromeric cohesion or whether this re-synthesis of cohesins 
is required for centromeric cohesion maintenance as well. Knowledge of the role of core 
cohesins in male meiosis is very limited. Our study will shed light on Drosophila male 
meiosis and what happens when we deplete SMC3 in spermatocytes. 
.  But there are a few “negative” observations that might be important while 
thinking about the cohesin complexes in Drosophila meiosis: 1) No SMC1 or SMC3 has 
been seen on chromosome arms in male meiosis, 2) No SMC1 or SMC3 has been 
observed (by antibody staining or fluorescent protein tags) on either chromosome arms 
or centromeres after SC disassembly and 3) No RAD21 or SA stain chromosome arms 
in male meiosis (Yan, Thomas et al. 2010) (Khetani and Bickel 2007) (McKee, Yan et al. 
2012).  We can see CID, CENP-C, Mei-S332, etc., quite readily in stage 13-14 oocytes, 
but not any cohesin (Lee, Hayashi-Hagihara et al. 2005).  This could be a technical 
issue, but no one knows. These observations make it very interesting to understand 
cohesion in Drosophila meiosis, which may open up new information about cohesion 
and cohesins. 
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The Scc1/Rad21 component of the cohesin component is essential for cohesion 
and cell cycle progression in mitotic cells, but seems to have a surprisingly limited role 
in meiosis (Hallson, Syrzycka et al. 2008) (Pauli, Althoff et al. 2008). Using three 
different approaches to either degrade or deplete Rad21 in Drosophila oocytes revealed 
no effect on SC formation,  or centromere cohesion   and no disruption of stable 
metaphase I arrest (a proxy for arm cohesion) although SCs were disassembled 
somewhat earlier in prophase I than in wild-type.Even a putative separase site mutated 
version of Rad21 did not disrupt the meiotic divisions (Urban, Nagarkar-Jaiswal et al. 
2014). . (Guo, Batiha et al. 2016).  These studies indicate that Rad21 is not involved in 
cohesion in Drosophila female meiosis but likely has a limited role in homolog synapsis. 
Our study will give us an insight into the role of Rad21 in male meiosis. 
C(2)M is a female-meiosis specific protein that localizes to SCs and is required 
both for SC formation and for normal levels of homolog recombination (Manheim and 
McKim 2003).  It exhibited weak similarity to SCC1/RAD21 and was thought to be the 
distant variant of REC8 in Drosophila (Schleiffer, Kaitna et al. 2003). Interestingly, it is 
not required for sex chromosome segregation in male meiosis or for  sister chromatid 
arm cohesion or centromere cohesion in female meiosis. I However, C(2)M physically 
associates with SMC3 and is required for the formation of chromosome 
cores/chromosome axes (Anderson, Losada et al. 2002, Manheim and McKim 2003, 
Heidmann, Horn et al. 2004, Khetani and Bickel 2007) These results suggest that a 
possible SMC1/SMC3/C(2)M cohesin complex may exist, and C(2)M is required for a 
specialized SC function in the context of the cohesin complex. Interestingly, in-vitro 
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protein–protein interaction experiments revealed that the SMC1 interaction with C(2)M 
might be mediated by Rad21.   It has recently been proposed (Gyuricza, Manheimer et 
al. 2016). that there are two cohesin complexes in Drosophila female meiosis, one 
composed of C(2)M/SA/Nipped-B, and the other composed of of SOS proteins along 
with SMC1 and SMC3. This idea is consistent with recent evidence in mammals and C. 
elegans  that distinct meiotic cohesin complexes exist and provide specialized functions 
at specific meiotic stages (Ishiguro, Kim et al. 2011) (Takeo, Lake et al. 2011).  
SA’s role in mitosis has been well characterized (Valdeolmillos, Viera et al. 
2007); it is a component of mitotic cohesin and is essential for cohesion in replicative 
cells.. Drosophila has a meiosis-specific SA paralog, SA2 or SNM (stromalin in 
meiosis), but it is not a cohesion protein.  It localizes exclusively to meiosis I 
chromosomes in spermatocytes, and is required for maintaining homolog pairing in 
achisamate meiosis in Drosophila males. (Thomas, Soltani-Bejnood et al. 2005). A 
recent study used the NGMVD1 driver to deplete SA (stromalin) in the female germline in 
Drosophila and tested it for phenotypes. The study found that SA is required for 
assembly of SC in female oocytes. Incomplete SC assembly is observed along with 
patches of C(3)G in centromeric regions of oocytes in SA RNAi knockdown oocytes. In 
SA depleted germarium, the cohesin protein SMC1 localization is lost (Gyuricza, 
Manheimer et al. 2016). These phenotypes are very similar to what has been observed 
in C(2)M mutants. Further cytological analysis of SA depleted metaphase I arrested 
oocytes was done to directly test sister chromatid cohesion by monitoring the CENP-C 
marker. In wildtype oocytes, about 8 spots are observed at this stage of meiosis, 
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because the centromeric cohesion is maintained. In SA depleted stage 14 oocytes, it 
was observed that centromeric cohesion is maintained, and there is no elevation in 
CENP-C spots. Thus this study inferred that SA, like C(2)M, only functions as a part of 
the dynamic cohesion complex to facilitate homolog interaction and SC formation during 
female meiosis. This study also used FLP/FRT to make homozygous clones of an SA 
null mutant and got similar results (Gyuricza, Manheimer et al. 2016). Another 
independent study depleted SA at region 3 of germarium after SC formation. This study 
also saw similar disruption of SC at stage 2 oocytes (Weng, Jeffreys et al. 2014). Thus, 
it can be concluded that SA is not required for sister chromatid cohesion at the 
centromeres during Drosophila meiosis but has a central role in SC formation.  Our 
study will test SA with similar depletion techniques and observe whether it is also 
dispensable for cohesion in Drosophila males.  
In addition to the four core subunits, several conserved cohesin co-factors have 
essential roles in mitotic cohesion in Drosophila.  Nipped-B and Mau2 comprise the 
kollerin complex, which is required to topologically load cohesin rings onto chromatin 
(Nasmyth 2011). The acetyl transferases Deco and San acetylate cohesin components 
and are required to establish and maintain cohesion, respectively.  The Pds5, Sororin 
and Wapl proteins interact both cooperatively and antagonistically with each other and 
the non-SMC core subunits to promote either cohesion retention (mostly during 
interphase) or cohesion removal (mostly during prophase) (Rankin 2015).  The cohesin 
co-factors have received limited study in female meiosis.  Both Pds5 and Nipped-B 
localize to SCs during prophase I but they appear to have different roles. Pds5 has 
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been seen to be essential for timely double-strand break repair in Drosophila oocytes. 
But when Pds5 was tested for SC formation, it was observed that Pds5 is not required 
for either SC formation or maintenance (Mehrotra and McKim 2006) (Barbosa, Kimm et 
al. 2007). (Gause, Webber et al. 2008). By contrast, RNAi depletion of Nipped-B (by 
NGMVD1 driver) disrupted SC formation, leading to patchy C(3)G staining (thread-like 
being normal) and nearly complete absence of SMC1  from the chromosome arms. 
However, Nipped-B does not localize to centromere regions in meiotic cells (in sharp 
contrast with mitosis) and centromeric cohesion was not disrupted by Nipped-B 
depletion in Drosophila oocytes. These phenotypes seemed to be very similar to SA 
knockdown and C(2)M mutation. Thus like SA, Nipped-B is proposed to be part of the 
C(2)M/SA mediated cohesion complex at the chromosome arms (Gyuricza, Manheimer 
et al. 2016). Another study found that both Nipped-B and Deco are required during 
prophase to maintain arm cohesion and SC integrity and to rejuvenate cohesion  
(Weng, Jeffreys et al. 2014).  On the other hand, despite its essential role in mitosis, 
San proved to be completely dispensable in the female germline, including in   meiosis 
(Pimenta-Marques, Tostoes et al. 2008) (Weng, Jeffreys et al. 2014). A preliminary 
study (Gatti and Goldberg 1991) suggested that Wapl might play a role in achiasmate 
homolog segregation in females but its role has not been further defined. None of these 
cohesin co-factors have been tested in Drosophila male meiosis. Thus, our study will 
test all of these cohesin co-factors in male meiosis.  
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Figure 1-3 Cohesin Complexes 
3A. Mitotic cohesin complex comprising of SMC1/SMC3/RAD21/SA evolutionarily conserved in 
most organisms. 3B. Meiotic cohesin complex comprises of SMC1/SMC3/Rec8/SA. RAD21 is 
replaced by meiotic variant Rec8. 3C. Proposed meiotic cohesin complex in Drosophila 
comprising of SMC1/SMC3/SOLO/SUNN for centromeric cohesion in female meiosis. C(2)M, 
SA and ORD are kept near to the cohesin complex due to their link with cohesins in Drosophila 
meiosis. Exact cohesin apparatus in Drosophila is still being studied. 
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The most thoroughly studied cohesin co-factor in Drosophila is the Shugoshin 
protein MEI-S332. Mei-S332 has an essential role in both male and female meiosis, 
where it localizes to centromeres during both both divisions and is required to maintain  
sister chromatid cohesion after anaphase I (Lee, Dej et al. 2004). Like some other 
Shugoshins, Mei-S332 also localizes to centromeres in mitotic cells, but it is not 
required for mitosis and its role in that process remains poorly defined, although a 
recent study found that centromere recruitment of PP2A and protection of mitotic 
centromere cohesion are impaired in mei-S332 mutants.   
An aspect of the mei-S332 meiotic phenotype is of particular relevance to the 
role of cohesin in centromere cohesion.  In wild-type male meiosis, SMC1 and SOLO 
co-localize on centromeric regions throughout meiosis until anaphase II. In contrast, in 
mei-S332 mutants, SMC1 and SOLO are not retained at centromeric regions after 
anaphase I and sister chromatids separate precociously.This observation strongly 
suggests that Mei-S332 functions to protect cohesin from premature cleavage at 
anaphase I, as seen for Shugoshins in other eukaryotes. Mei-S332 is also required to 
maintain centromere cohesion after anaphase I in female meiosis, but what exactly Mei-
S332 protects is unclear as cohesins have not been visualized on meiotic centromeres 
after mid-prophase I in female meiosis (Yan and McKee 2013). At present, this 
observation is the strongest piece of evidence that cohesin has a role in meiotic 
centromere cohesion.  As discussed above, RNAi depletion analyses of both core 
cohesin subunits and cohesin cofactors in female meiosis have failed to find any direct 
evidence for such a role. But if cohesin has no role in centromere cohesion, it will be 
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necessary to explain what the function of Mei-S332 in meiosis is, and why it seems to 
function so similarly to Shugoshins in other eukaryotes, which have well-established 
roles as protectors of centromeric cohesin (Resnick, Satinover et al. 2006). The only 
Drosophila proteins other than Mei-S332 that have been clearly shown to be required 
for meiotic centromere cohesion in Drosophila are the SOS proteins SOLO, ORD and 
SUNN.  Their loss-of-function phenotypes – PSCS, reduced recombination, impaired 
SC formation and stability, high rates of nondisjunction, and impaired localization of 
SMC cohesins – are very similar to phenotypes of rec8 mutations in other eukaryotes.  
However, none of the SOS proteins has significant sequence homology to any of the 
four cohesin protein families and their precise roles in cohesion remain undefined.  
Recent findings have provided some clues. SOLO  interacts with SMC1 (by reciprocal 
co-immunoprecipitation studies) and certain aspects of those interactions are consistent 
with the notion that SOLO might be a functional Rec8 homolog.  In a recent extension of 
this idea, bioinformatics analysis revealed SUNN to have structural similarities (but not 
primary sequence homology) to SA in Drosophila (Krishnan, Thomas et al. 2014) 
(Miyazaki and Orr-Weaver 1992, Bickel, Wyman et al. 1996, Bickel, Wyman et al. 1997, 
Bickel, Orr-Weaver et al. 2002) (Yan, Thomas et al. 2010, Yan and McKee 2013, 
Krishnan, Thomas et al. 2014). A recent study has shown that SOS is required for 
assembly of SC at the centromeres of pre-meiotic and meiotic cells in the female. In the 
absence of C(2)M/SA/Nipped-B, the SOS complex can assemble small fragments of 
arm SC, suggesting a backup mechanism for SC assembling pathway (Gyuricza, 
Manheimer et al. 2016). This study also showed that in sunn mutants centromeric 
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cohesion is lost in stage 14 oocytes (Gyuricza, Manheimer et al. 2016).  These data 
suggest that a possible complex containing SMC1-SMC3-SOLO-SUNN that is essential 
for meiosis may exist in D. melanogaster (Figure 1-3). These results taken together 
suggest that SOS complex proteins have an important role in Drosophila cohesion. One 
possibility is that SUNN and SOLO are functional substitutes for being the Rec8 and SA 
in the meiotic cohesin apparatus at the centromeres in Drosophila meiosis (Figure 1-3).  
Finally, we come to the protein that is required for release of cohesins during 
meiosis- Separase (SSE). As there is no definite Rec-8 in Drosophila meiosis, it was 
thought maybe homologs segregate, and sister chromatids separate without the 
function of an active Separase. But two recent studies in Drosophila male and female 
meiosis indicate that Separase is required for proper chromosome segregation during 
meiosis (Blattner, Chaurasia et al. 2016) (Guo, Batiha et al. 2016). The Drosophila 
Separase is quite different from other known Separases. In Drosophila Separase 
functions along with three rows (THR) and pimples (PIM) (SSE/THR/PIM) (Stemmann, 
Zou et al. 2001).  Blatner et. al. utilized transient depletion techniques (deGradFP and 
RNAi) against SSE/THR/PIM in male meiosis to study the role of Separase. They found 
that Separase is required for proper chromosome segregation during male meiosis. 
They predicted that SSE/THR/PIM proteins are required to release the chromosome 
conjunction complex (MNM/SNM) at meiosis I to let the homologs. This study also 
predicted that Separase function is required for meiosis II separation of sister 
chromatids in male meiosis. They predicted because Separase-kd caused chromosome 
bridges at both divisions (due to unresolved chromosomes) and that the meiosis I 
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bridges were dependent on both SNM and MNM and the meiosis II bridges were 
dependent on both SOLO and SUNN (Blattner, Chaurasia et al. 2016). Guo et. al. used 
an FISH-based technique to monitor X-chromosome centromeric and arm regions to 
study Separase function in Drosophila females. They found that destruction of the 
Separase regulator, Securin, is required for Separase activity in Drosophila female 
meiosis. Separase activity is required for release of arm cohesion in anaphase I and 
centromeric cohesion in anaphase II (Guo, Batiha et al. 2016). These studies taken 
together indicate that cohesion is an important mechanism in Drosophila meiosis. The 
target(s) of Separase activity in Drosophila meiosis have yet to be identified. 
The goal of this study is to help to understand the role of mitotic cohesins in 
Drosophila meiosis. Unlike previous studies of core cohesins, this study will focus on 
male meiosis and the roles of core cohesins and cohesin cofactors in the unique 
mechanisms that underlie segregation of achiasmate chromosomes. This study will also 
provide insight into female meiotic events and the role of SMC3 in those events. This 
study will direct our attention towards the puzzling cohesion mechanism and suggest 
probable cohesion complexes in Drosophila meiosis.  
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CHAPTER TWO 
MATERIALS AND METHODS 
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Fly Strains 
Drosophila stocks and crosses were maintained on standard medium (cornmeal, 
malt, corn syrup and propionic acid) at 25⁰C. Progeny from the crosses were scored 
between 12 to 21 days after the cross was set. Germline RNAi was performed using the 
following stocks from the Transgenic RNAi Project (TRiP) at Harvard Medical School 
((Ni, Liu et al. 2009)): SMC3 (HMS00318 and GL00518), vtd or RAD21 (GL00522), 
SMC1 (HMS01340), Nipped-B (HMS00401), Pds5 (GL00479), San (GL00592) and 
Deco (GL00528) (please find the table in the bottom for detail stock information). These 
transgenic lines express short hairpin microRNAs under the control of the GAL4/UAS 
system. They were crossed to P(w[+mC]=Act5C-GAL4)17bFO1 for zygotic lethality test. 
For germ line expression, the GAL4 line used was P(w+mC=GAL4::VP16-
nos.UTR)CG6325MVD1 (NGMVD1). For observing SOLO localization UASp::Venus-SOLO 
transgenic line was used (Yan, Thomas et al. 2010). The compound chromosome 
stocks used in this study were C[1]RM/0, C[2]EN b pr, C[3]EN and C[4]EN ci ey. They 
were all obtained from Bloomingtom Stock Center Indiana University. All the information 
about markers and special chromosomes can be obtained from Flybase web page 
(http://flybase.org).  
RNAi Target Genotype Bloomington 
Stock # 
SMC3 y sc v; P(TRiP.HMS00318) 33431 
SMC3 y sc v; P(TRiP.GL00518) 36783 
SMC1 y sc v; P(TRiP.HMS01340) 34351 
RAD21 y sc v; P(TRiP.GL00522) /TM3, Sb 36786 
San y sc v; P(TRiP.GL00592) 36632 
Nipped-B y sc v; P(TRiP.HMS00401) 32406 
Deco y sc v; P(TRiP.GL00528) 36789 
Pds5 y sc v; P(TRiP.GL00479) /TM3, Sb 35632 
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y= yellow; sc= scute; v= vermillion; Sb= stubble; TRiP.HMS00318 = identification 
number of the shRNA used against target gene. (For further please consult flybase.org). 
 
RNAi Construct Efficiency Test 
 
 The RNAi constructs were crossed with P(w[+mC]=Act5C-GAL4)17bFO1 driver 
to check their efficiency. The sibling control progeny had either the RNAi construct or 
the Actin5C-GAL4 driver, not both. Each male transgenic RNAi fly was crossed with two 
female flies having the GAL4 driver. If no knockdown progeny (with GAL4 driver and 
RNAi construct) were obtained, then zygotic lethality was scored to be 100%. Total 
number of progeny scored was divided by the number of males used in this test to 
obtain the F1 progeny /male count.  
 
qRT-PCR to check SMC3 knockdown in whole testes lysates 
 SMC3 RNAi construct knockdown efficiency was further quantified using qRT-
PCR technique. The mRNA was extracted from whole testis sample. For each sample 
30 pairs of testes was dissected. The wildtype flies contained SMC3 RNAi construct but 
no driver. The knockdown flies contained SMC3 RNAi construct plus NGMVD1 germline 
driver. One to two days old flies were dissected in ice cold 1X PBS. The PBS was 
expunged and the sample was flash frozen in liquid nitrogen and stored in -80⁰C. 250ul 
of Trizol Reagent (Invitrogen) was added to frozen sample. RNA was isolated using 
Direct-Zol RNA purification kit (Zymo Research) protocol. The RNA concentration from 
each sample was measured using a NanoDrop spectrophotometer. Transcriptor High 
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Fidelity cDNA kit (Roche) was used to prepare cDNA from 1ug of RNA from each 
sample following the manufacturer’s protocol.  The primer sequences for amplifying 
SMC3 cDNA were obtained from Dr. Andrew Swan. The primer sequence for the 
forward primer is 5’- ACTCCGATGCTTTCACAGGGAT-3’ and the reverse primer is 5’- 
TTGCATCCAGCGCCTGATCTAT-3’. For a control the house keeping gene α-tubulin 
was used. The sequences for forward and reverse primers are 5’-
CCCGAAGTAGTCTCCATCAACCAGATT-3’ and 5’-
ATGAATTTGCCCCCACGAGGATCA -3’ respectively. All primers were synthesized by 
Integrated DNA technology (IDT). The cDNA was diluted 10 fold for each testes sample. 
Three biological replicates were used to collect the RNA samples from three 
independent crosses between SMC3 RNAi construct and NGMVD1 germline driver. For 
wildtype control also three different sets of males were collected. The real time PCR 
machine used was ABI 7900HT fast Real Time PCR system (Applied Bioscience) on 
standard mode using the Quant6 studio flex manager software to collect the threshold 
cycle (Ct) values. The final reaction volume was 20 µl and included 200 ng of cDNA, 0.4 
µM primers and 10 µl Power SYBR Green PCR Master Mix (Applied Biosystems). The 
cycling conditions were: for initial incubation of 55⁰C for 2 minutes, and then 
denaturation at 95⁰C for 10 minutes, followed by 40 cycles at 95⁰C for 15 s, 55⁰C for 30s 
and 68⁰C for 30s, and a final step at 95⁰C for 15s. A single amplification peak was 
obtained for each reaction from the dissociation curves. All the primers used in this 
process yield 90% amplification efficiency. The normalization of relative transcript levels 
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were done using control α-Tubulin levels and calculating the relative SMC3 transcript 
levels using the 2-ΔΔCt method (Livak, 2001).  
 
Calculating ΔΔCt value for qRT-PCR 
 The average CT values of housekeeping gene (α-tubulin) and the tested gene 
(smc3) in wildtype and knockdown experimental conditions are calculated and we get 
four values. The four values we obtained were for SMC3 knockdown (SKD), SMC3 in 
wildtype (SW), α-Tubulin in SMC3 knockdown (TKD) and α-Tubulin in wildtype (TW). 
We then calculate the difference between SKD and TKD (SKD-TKD) and SW and TW 
(SW-TW). These were the ΔCt values for the knockdown (ΔCtK) and wildtype conditions 
(ΔCtW), respectively. Then, the difference between ΔCtK and ΔCtW gave us the delta 
delta Ct value (ΔΔCt). These calculations are logarithm base 2, so whenever there is 
twice as much DNA, our Ct values decrease by 1 and will not halve. We then calculated 
the value of 2^ΔΔCt to get the expression fold change.  
Gene Targets SMC3 Knockdown Wildtype Control 
SMC3 SKD SW 
α-Tubulin TKD TW 
ΔCt SKD-TKD (ΔCtK) SW-TW (ΔCtW) 
Tabular representation of ΔΔCt value calculation method. 
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NDJ assay for second and third chromosomes 
UAS-SMC3 RNAi transgenic flies were crossed with NGMVD1 germline drivers to 
induce knockdown of SMC3. The progeny males from this cross were then crossed with 
compound second chromosome stock (C[2]EN, b pr) to assay chromosome 2 NDJ. Two 
SMC3 knockdown males were crossed with four C[2]EN females per vial for this assay. 
The  C[2]EN females  have two copies of each arm of chromosome 2 attached to a 
single centromere   so produce only diplo-2 (2.2) and nullo-2 (0) eggs. In the absence of 
any paternal NDJ event, no viable progeny result from this cross since all sperm 
contribute one copy of chromosome 2, generating inviable zygotes that are either 
monosomic or trisomic for chromosome 2.  Only in case of paternal chromosome 2 NDJ 
event, viable progeny will be produced in this assay.  Viable progeny arise either from 
diplo-2 sperm and carry two paternal 2nd chromosomes (22/0) or from nullo-2 sperm and 
carry the maternal compound-2 (0/2.2). These progeny are easily distinguished since 
the 22/0 progeny are b+ pr+ (brown bodies and red eyes), whereas the 0/2.2 progeny 
are b pr (black bodies and purple eyes). The number of viable progeny per tested male 
is proportional to the chromosome 2 NDJ frequency but since the total number of 
progeny (viable and inviable) produced in the cross is not known, a true total NDJ 
frequency cannot be calculated. However, since the paternal chromosome 2 homologs 
in the cross were differentially marked with the dominant marker Bl (Bristle), the relative 
frequencies of diplo-2 sperm that carry either two sister chromatids (+/+, straight bristles 
on the thorax), and thus result from sister chromatid NDJ (SNDJ) at anaphase II, or two 
homologous chromatids (Bl/+, bent bristles on the thorax), and thus result from homolog 
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NDJ (HNDJ) at anaphase I, can be calculated. (Bl is a recessive lethal, so the Bl/Bl 
(SNDJ) progeny are not recovered). The progeny produced by nullo-2 sperm -could not 
be classified as whether they came from homolog NDJ or sister chromatid NDJ events 
because they all had b pr (black body and reddish-purple eyes) phenotype. The formula 
used to calculate sister chromatid NDJ estimate for chromosome 2 is %SNDJ = 2 x 
SNDJ/(SNDJ + HNDJ). When nullo-2 egg is fertilized by Bl/Bl sperm then progeny loss 
occurs due to Bl/Bl is lethal, so we multiply SNDJ value with a factor of 2 to account for 
Bl/Bl progeny (assuming they are produced at same rate). 
 
Cross Scheme: 
♂ 2 / 2  x  ♀ C[2.2]EN, b pr 
 
Table 2-1 Chromosome 2 NDJ test 
Gametes C[2.2]EN parent 
Regular 2.2 0 
2 lethal lethal 
NDJ   
2, 2 lethal viable 
0 viable lethal 
 
Progeny arising from NDJ gametes survive. Progeny arising from regular gametes die 
due to zygotic lethality. C[3]EN crosses yield similar results like this. 
 
Non-Disjunction Assay for chromosome 4 
 SMC3 RNAi knockdown males were crossed singly with two females with an 
attached -4th chromosome (C(4)RM, ci ey). The progeny were scored by observing the 
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recessive cubitus interruptus (ci) and eyeless (ey) markers. Cunitus interruptus can be 
detected by observing a wing venation defect, while eyeless phenotype can be 
recognized by decrease in eye size about 25% smaller than wildtype. C(4)RM, ci ey 
females generate diplo-4 (4.4) and nullo-4 (0) eggs which when fertilized by regular 
sperm carrying a wildtype (ci+ ey+) 4th chromosome will yield only ci+ey+ progeny.  
 
Cross Scheme: 
♂ 4/4  x  ♀ C[4]RM, ci, ey  
Table 2-2 Chromosome 4 NDJ test 
Gametes C[4.4]RM parent 
Regular 4.4 ci, ey 0 
4 viable minute 
NDJ   
4, 4 lethal viable 
0 viable (ci, ey) lethal 
 
Nullo-4 sperm give rise to viable ci ey progeny in this cross. When there is no NDJ then 
the regular sperm give rise to wild type progeny (no ci ey phenotype). The NDJ 
frequency can be calculated, as follows NDJ = [2 x (ci, ey)/ total number of progeny] x 
100.   
 
NDJ assay for sex chromosomes 
Genetically marked Y chromosome (BsYy+) was introduced into the SMC3 RNAi 
or RAD21 RNAi transgenic stocks and NGMVD1 germline driver was used to induce 
shRNAi mediated knockdown. Single males were crossed with two females from 
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attached-X chromosome stock C[1]RM/0. These females produce only diplo-X (X.X, y2 
wa su(wa)and nullo-X (0) eggs. When fertilized by regular X (y, sc, v) or Y (BS y+) sperm, 
the resulting viable progeny are X,0 (yellow male, vermillion round eye) or X.X, Y 
(yellow2 female, suppressed white apricot bar eye). The genotypes of the inviable 
progeny are X.X X and Y, 0.  In this assay the major NDJ sperm classes will be XX and 
YY (from sister chromatid NDJ), XY (from homolog NDJ) and nullo-XY (from either 
sister or homolog NDJ).  Combine with one of the egg classes to produce different 
progeny. The viable progeny are X.X, 0 (yellow2 female, suppressed white apricot round 
eye) XY, 0 (yellow male, vermillion bar eye) and XX, 0 (yellow female, vermillion round 
eye). XY, 0 progeny is indication of homolog NDJ event, XX, 0 progeny is the indication 
of sister chromatid NDJ event and X.X, 0 progeny indicate nullo sperm from either 
homolog or sister non-disjunction events. The NDJ% was calculated using the formula 
% NDJ = 100 x ((2 x XX) + XY + O)/ n. The WT control males produced about 0.1% 
NDJ due to spontaneous NDJ events.   
Cross Scheme: 
Xy, v / YBsYy+  x  C[1]RM, y2, su(wa), wa  
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Table 2-3 Sex chromosome NDJ test 
Gametes C[X.X]RM parent 
Regular X.X y2, Su(wa), wa 0 
Xy, v lethal yellow male, vermillion 
round eye 
YBsYy+ Yellow+ female, suppressed 
white apricot bar eye 
lethal 
NDJ   
0 yellow2 female, suppressed 
white apricot round eye 
lethal 
Xy, v YBsYy+ lethal yellow male, vermillion 
bar eye 
Xy, v Xy, sc, v lethal yellow female, 
vermillion round eye 
 
Xy, sc, v YBsYy+/ 0 = yellow (y) male, vermillion (v) bar eye (BsYy+) (Homolog NDJ).  
Xy, sc, v Xy, sc, v/ 0 = yellow female, vermillion round eye (Sister chromatid NDJ). 
0/X.X y2, su(wa), wa = yellow+ female, suppressed white apricot round eye (su(wa), wa ) 
(both). 
 
Fluorescence in situ Hybridization (FISH) Analysis  
 Fluorescent in situ Hybridization is a technique where a fluorophore 
labeled DNA probe, against a complementary sequence (satellite sequence) in genome 
of an organism, is used to identify or quantify or study behavior of that region between 
wildtype or mutant organisms (Gall and Pardue, 1969; Rudkin & Stollar, 1977). Satellite 
sequences are long array of repetitive oligonucleotide sequences confined to 
pericentromeric heterochromatin of all Drosophila chromosomes (Peacock et. al., 1974). 
The FISH probes against target satellite regions on specific chromosomes were used in 
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this study. The 1.686 g/cm3 probe was used to study the cohesion behavior of the 1.686 
sites on chromosome 2 and 3 (Tsai et. al., 2011). The 1.686 g/cm3 regions are 
heterochromatic regions h37 and h48 on arms of 2nd and 3rd chromosomes (Peacock et. 
al., 1974). The probe against 359 bp repeat region (h31) on pericentromeric 
heterochromatin region of X chromosome was used to study state of X chromosome 
cohesion and segregation pattern in our knockdown and wildtype experimetns (Hsieh 
and Brutlag 1979). The AATAC probe was used against heterochromatic region of Y 
chromosome arms (h6) to study segregation pattern of Y chromosome (Pimpenelli et. 
al., 1995). The probe oligos for 1.686 g/cm3 were synthesized as single stranded 
oligonucleotides (Integrated DNA Technologies). The AATAC probe was synthesized 
and labelled with Alexa Fluor 546-14-dUTP (Molecular Probes). The 359 bp repeat 
probe was amplified by PCR from Drosophila genomic DNA (Hsieh and Brutlag 1979, 
Hsieh and Brutlag 1979). The 359 bp and 1.686 g/cm3 probes were labeled with 
fluorescein-12-dUTP using the Fluorescein-High Prime kit (Roche Applied Science) 
following the protocol from the manufacturer. The FISH experiments were carried out by 
the procedure previously described by Thomas and McKee (2009). The testes were 
dissected in 7% sodium chloride solution. Then the testes tissue was transferred to 
sodium citrate solution for 10 mins. Then the spermatocytes were fixed (formaldehyde + 
acetic acid) on the pre-cleaned slides (Fisher Scientific) then passed through an ethanol 
series (70%, 70% and 100%) and air dried at room temperature. To rehydrate, the 
slides were incubated three times for 10 min in 2× SSCT (2× SSC containing 0.1% 
Tween-20), once for 10 min in 25% formamide/2× SSCT and 50% formamide/2× SSCT, 
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and prehybridized for 3 h at 37°C in 50% formamide/2× SSCT. Of the hybridization 
buffer, 20 μl (3× SSC, 50% formamide and 10% dextran sulfate) containing 0.1–2 μl of 
the labeled probe(s) was added to each slide. The slides were covered with a 
siliconized coverslip and sealed with rubber cement. Probes and samples were 
denatured at 95°C on a heat block for 6 min and hybridized at least 20 h at 20°C. After 
hybridization, the slides were washed three times with 50% formamide/2× SSCT, once 
with 25% formamide/2× SSCT, and three times with 2× SSCT. The slides were 
counterstained with 1 μg/ml 4’,6-diamidino-2-phenylindole (DAPI) and mounted with 
VECTASHIELD medium (Vector). 
 
Calculation of NDJ frequency from 1.686 quantification data 
 The quantification table is tabulated to identify and quantify the spot numbers in 
spermatocyte nuclei for 1.686 probe in SMC3 knockdown spermatocytes. If there is no 
non-disjunction (NDJ) event we generally observe 4 spots for 1.686 regions in prophase 
I, prometaphase I and metaphase I because homologs are unpaired but sisters are 
paired.  In prophase II (PII) we observe 2 spots for 1.686 region if there is no NDJ. 
Premature separation of sister chromatid (PSCS) gives rise to NDJ event during 
meiosis. So, we can evaluate improper chromosome segregation events by either 
estimating the PSCS value or NDJ frequency. Mean spot number is calculated as 
described in the next section. If the spot number for 1.686 probe in wildtype is 4 then we 
considered the estimate for PSCS would be 0%. So, if the spot number is 8 then we 
considered the estimate for PSCS would be 100%. So, the mean spot number for 
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meiosis I spermatocytes is 5.6, so using this information we can estimate the PSCS 
value to be 45% PSCS. Using the same estimation method we calculated 52.5% PSCS 
value for meiosis II, where 2 spots means no PSCS and 4 spots means 100% PSCS. 
We estimated the meiosis I NDJ frequency from the distribution of spot numbers at PII.  
If there was meiosis I NDJ then we would have observed spot numbers ranging from 0, 
1, 5, 6, 7 and 8 in PII. But in our data we do not observe these categories. Therefore we 
conclude meiosis I NDJ to be 0. 
 Meiosis II NDJ frequency was estimated using the spermatid spot numbers. Since the 
meiosis I NDJ rate is 0, we know that all the meiosis II nuclei had 4 chromatids, so 
potentially 4 spots were observed.  This means that if there were no meiosis II NDJ, all 
spermatids should have 2 spots. We had to adjust our data to factor in spot loss issues 
to calculate meiosis II NDJ frequency. We combined the reciprocal classes from the 
same segregation events. For example 4-spotters and 0-spotters both come only from 
the double NDJ events (both chromosomes nondisjoin). Spot loss will lead to 
underestimation of 4-spotters but overestimation of 0-spotters.  So combining the two 
categories, the spot loss errors should mostly cancel out.  The same logic applies to  1-
spotters and 3-spotters.  Both come from events in which one chromosome segregates 
normally and the other chromosome nondisjoins, and the spot loss errors should offset 
roughly.  For 2-spotters, spot loss will cause some to look like 1-spotters but this should 
be about balanced by 3-spotters that look like 2-spotters.  So by combining the data in 
that way, most of the spot loss errors should cancel and no further adjustments should 
be needed.  So to calculate meiosis II NDJ we combined the spermatid data into three 
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categories (0 + 4 spotters), (1 + 3 spotters) and 2 spotters. As we cannot get 
independent NDJ frequencies for the 2nd and 3rd chromosomes, so estimated the 
average NDJ frequency for both chromosomes, which we will call n.  So for each 
chromosome the probability of NDJ is n and the probability of proper segregation is 1-n. 
We considered two extreme cases for the value of n, n=0 and n=0.5 (random chromatid 
assortment). If n=0, we would not recover any 3 or 4 spotters and if n=0.5 then we 
would have various spot numbers between 0- 4 spotters. But that’s not the case with 
our data. Both chromosomes if disjoin normally it would generate 2-spotters. If 
chromosome 2 undergoes NDJ and chromosome 3 segregates normally, then these 
events generate equal numbers of 1 and 3 spotters probability (p) of this is n(1-n). If 
chromosome 2 segregates normally and chromosome 3 undergoes NDJ then as before 
these events would also lead only to 1 and 3-spotters P= n(1-n). If both chromosomes 
nondisjoin, then if both pairs of chromatids go to the same pole, the result would be 4-
spotters and 0-spotters then P=nxn.  If they go to opposite poles, you get 2-spotters (P= 
½n2).   
To determine the expected frequencies of each of the three data categories from 
the above logic we set up these equations: 
a) (0 + 4 spotters)/Total = ½n2 
b) (1 + 3 spotters)/Total = 2n(1-n) 
c) (2 spotters/Total) = (1-n)2 + ½n2 
Solving these equations we arrived to the estimated value of n to be 0.257 for each 
equation. Thus the meiosis II NDJ frequency was estimated. 
  
 
38 
CID spot assay in Drosophila males 
  Dissection and fixing of the testis was done following the protocol described by 
Cenci et al., 1994. The immunostaining protocol followed the methods as described in 
Bonaccorsi et al., 2000 (with modifications). The testes were dissected from two day old 
young flies in ice cold 1X Phosphate Buffer Saline (PBS) (137 mM Nacl, 2.7 mM KCl, 
4.3 mM Na2HPO4.7H2O, 1.4 mM KH2PO4). Then using a needle, the testis was cut 
open and Sigmacote (SigmaAldrich) coated cover slips were used to cover them. Then 
the tissue samples were frozen in liquid Nitrogen. The Sigmacote cover slips were 
removed and the slides were placed into -20⁰C ethanol for 10 minutes. The samples 
were then fixed in 1XPBS solution containing 4% formaldehyde and incubated for 7 
minutes. The slides were then washed twice- first with 1XPBS (5 minutes/wash) and 
then with 1XPBT (PBS with 0.2% TritonX-100) for 5 minutes/wash. The slides were then 
transferred to 1% BSA-PBT blocking solution for 1 hour at room temperature.  After 
completion of blocking, the primary antibody solutions (diluted in 1%BSA-PBT) were 
added on to the slides and were kept in 4⁰C cold room for overnight incubation (12-16 
hours). The slides were washed four times with 1XPBT (5 mins/wash) after completion 
of the primary antibody incubation. The secondary antibody was diluted in 1XPBT 
solution. The sample was incubated for 1 hour in room temperature with secondary 
antibody. The slides were washed twice for 10 minutes, first in 1XPBT and then in 
1XPBS. The DAPI solution (1ug/ul) is used to stain the DNA, so slides were kept in 
DAPI solution for 10 minutes. This was followed by 1XPBS wash for 5 minutes; the 
sample was then mounted using VectaShield (Vector laboratories, CA) mounting media. 
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To perform CID spot assay and identify the state of cohesion at centromeres, a rabbit 
anti-CID  primary antibody (Active Motif) at 1:500 dilutions was used; a secondary 
antibody used was goat anti-rabbit, Alexa-546 IgG (Invitrogen) at 1:1000 dilutions. The 
meiosis cell staging was done by identifying the DAPI signals, size of the nuclei and 
size of the cells according to Cenci et al., 1994. Only separated spots were calculated 
as individual spot numbers for each nucleus. For example a single bright spot was 
calculated as one spot not two or three. Then separated low intensity spots were 
calculated individually. Following this logic we calculated the spot numbers in each 
nucleus. So, there may be spot loss due to clumping or lying over each other and this 
estimate may not reflect the spot numbers totally.  
 
Mean Spot Calculation 
 Mean spot number was calculated using the following formula: Number of cells 
per spot number x spot number / total number of cells. For example 12 cells with 5 
spots, 53 cells with 6 spots and 21 cells with 7 spots, we multiply number of cells per 
spot number x spot number (12x5+53x6+21x7) and then divide them with total number 
of cells counted (12+53+21). This is how we have calculated all mean spot numbers for 
all quantification tables in this study. We have used standard deviation (SD) formula 
from Microsoft excel suite and calculate the SD value for spot numbers.  
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Venus::SOLO localization assay in spermatocytes  
 The testis sample was dissected and fixed following protocols previously 
described by Cenci et al., 1994. Same protocol as CID spot assay is used to visualize 
Venus::SOLO localization using an anti-GFP antibody (Invitrogen). The rabbit anti-GFP 
antibody was used in 1:500 dilutions and a secondary goat anti-rabbit, Alexa-546 IgG 
(Invitrogen) at 1:1000 dilutions. Venus-SOLO expression was induced by NGMVD1 
germline driver (Doren et al., 1998). To observe SOLO and CID co-localization assay 
we used a rabbit anti-CID primary antibody (Active Motif) at 1:500 dilutions was used; a 
secondary antibody used was goat anti-rabbit, Alexa-546 IgG (Invitrogen) at 1:1000 
dilutions. To visualize native Venus fluorescent signal the FITC (Ex: 494,Em: 517, Carl 
Ziess) channel in the microscope was used.  
 
Immuno-staining in Drosophila oocytes 
 Newly eclosed females were fattened 2-3 days in vials with yeast paste and 
males and then ovaries were dissected in ice cold 1 X PBS. Ovary immunostaining was 
performed according to Page and Hawley (2001). Briefly, the ovaries were fixed with 
rocking for 20 mins in 600uL of n-Heptane + 200ul of fixative (fixative= 100ul 10X PBS, 
5ul of Nonidet P40, 770uL H2O, 125uL 16% formaldehyde) in each microfuge tube 
consisting of at least 10 pairs of ovaries. Then the ovaries are rinsed three times with 
PBST (PBS+ 0.2% Tween-20). Every time the ovaries settle down and the PBST is 
removed. Then the ovaries were washed three times in PBST for five minutes each 
rocking in a Nutator (bench top shaker, Thomas Scientific). Before blocking the 
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ovariales were tweezed using tweezers and then blocked in 1% BSA in PBST rocking 
for 1 hour in room temperature. After blocking, the primary antibodies were added and 
incubated them rocking at 4⁰C cold room for overnight (12-16 hours). Then next the 
ovaries were washed three times in PBST rocking for 20 min each time. Secondary 
antibodies were added next and the ovaries are kept rocking in room temperature for 1 
hour. After the incubation period was over we wash the ovaries with PBS + DAPI 
(0.5ug/mL in PBS) rocking for 20 minutes. This was followed by two PBST washes 
rocking for 20 minutes each. Finally the ovarioles were completely separated using 
tweezers and put on a precleaned slide (Fisher Scientific) and mounted using 
VectaShield (Vector laboratories, CA) mounting media. Primary CID antibody was used 
at 1:500 (Active Motif, anti-rabbit). The secondary Alexa Fluor 555 donkey anti rabbit 
IgG (H+L) (Molecular Probes) was used at 1: 1000.  Other primary antibodies used: 
1:500 anti-C(3)G mouse monoclonal antibody (provided by R.S. Hawley) and 1:500 
rabbit anti-GFP polyclonal antibody (Invitrogen). Secondary antibodies used: Alexa 
Fluor 555 donkey anti-mouse IgG (H+L) (Molecular Probes), Alexa Fluor 647 goat 
antirabbit IgG (H+L) (Molecular Probes), Alexa Fluor 546 goat anti-rabbit IgG (H+L) 
(Molecular Probes). 
 
Contingency Chi-Square Test 
 The “contingency table” is made to analyze two dimensional or more data set. 
These “contingency tables” would provide a statistical inference, where statistical tests 
question the relationship between the variables (wild type and knockdown in our case) 
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on the basis of the data collected / observed. The Chi-square statistic reflects the 
strength of this relationship. All else equal, the greater the chi-square statistic, the 
stronger the relationship. Below is the example how we set up our contingency chi 
square test tables: 
Table 2-4 Example of Contingency Chi-Square Table 
Experimental type ≤ spot numbers > spot numbers  
Wildtype n1 
e1 
n2 
e2 
n1+ n2 (row total) 
Knockdown n3 
e3 
n4 
e4 
n3 + n4(row total) 
 n1+ n3 (column total) n2+ n4(column total) Grand total= (n1+ n2) 
+ (n3 + n4)=N 
 
Expected Cell Frequency, e = (Row Total   x  Column Total) / N  
(http://www.psychstat.missouristate.edu/introbook/sbk28m.html)  
Using the expected cell frequency formulae we calculated all the frequencies e1, 
e2,e3,and e4.  For example, 
e1= (n1+ n2) x (n1+ n3) / (n1+ n2) + (n3 + n4) 
Then we did Chi-Square test with these frequencies using the formulae shown below, 
Chi Square (Χ²) = (Observed (O) – Expected Cell Frequency)2 / Expected cell frequency 
Therefore, for our tables this will be 
Χ²= (n1- e1)2 / e1 + (n2- e2)2 / e2 + (n3- e3)2 / e3 + (n4- e4)2 / e4  
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Then the Chi-Square test value is compared for confidence interval and degree of 
freedom to establish whether there is a difference in the data between wild type and 
knockdown samples and how much confidence can be inserted to the data. 
 
Microscopy and image processing 
All images were collected with a microscope (Axioplan; Carl Zeiss, Inc.) equipped 
with a 100W mercury lamp (HBO; Carl Zeiss, Inc.), Plan Neofluar 100Å~/1.40 NA oil 
immersion lenses (Carl Zeiss, Inc.), and a high resolution charge-coupled device 
camera (Roper Industries) at room temperature. Z-series images acquired by the Plan 
Neofluar 100Å~/1.40 NA oil immersion lens of Axioplan microscope  and the image 
planes were projected onto a single view using MetaMorph software (MDS Analytical 
Technologies). The Z series images were deconvolved using  3D-Autodeconvolve  
program in MetaMorph software. Then the maximum or sum or average image 
projections of deconvolved Z series will be obtained using the software MetaMorph 
software. All images were processed using tools in Microsoft PowerPoint application.  
 
 
 
 
 
 
 
  
 
44 
CHAPTER THREE 
RESULTS 
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Zygotic lethality and knockdown of RNA indicates efficiency of RNAi 
constructs 
 The RNAi transgenes, against the cohesins and cohesin co-factors, have a UAS 
promoter which utilizes an inducible UAS/GAL4 system of induction. The expression of 
the GAL4 protein is under the tissue specific gene promoter and GAL4 would bind to the 
UAS promoter of the RNAi construct and express shRNA against target mRNA. To test 
the efficiency of the transgenic RNAi lines, the males homozygous for Actin 5C::GAL4 
driver were crossed with females carrying the RNAi transgenes. The Actin-5C::GAL4 
driver is a ubiquitous driver that is expressed in all types of cells in Drosophila (White-
Cooper 2012). If the knockdown is efficient then we will not recover any progeny from 
the cross shown at the end of this section, which will combine both the RNAi transgene 
and the Actin-5C::GAL4 driver because of zygotic lethality. Table 3-1 showed that only 
SMC3, RAD21 and San RNAi constructs cause 100% zygotic lethality, indicating the 
efficiency of the constructs. SMC3 and RAD21 are both part of the mitotic cohesion 
complex. Thus inducing their knockdown in early development causes efficient 
knockdown of their respective mRNAs by the shRNAi constructs, which in turn causes 
this lethality (Vass, Cotterill et al. 2003) (Nasmyth and Haering 2009). Other RNAi 
constructs show variable degrees of zygotic lethality. Although, all the candidate genes 
in Table 3-1 are essential and their expected null mutation phenotypes are shown 
(Rollins, Korom et al. 2004) (Pauli, Althoff et al. 2008) (Williams, Garrett-Engele et al. 
2003), this data indicates that the shRNAi constructs were not efficient enough to 
knockdown the mRNAs for these genes to cause expected lethality.  This result 
  
 
46 
indicates that SMC3 and RAD21, two mitotic cohesin subunits, will be good candidates 
for testing their role in male meiosis, as the shRNAi constructs are efficient to produce 
expected lethality.  
A germline specific GAL4 driver was used to knockdown the mRNAs using their 
respective shRNAi constructs. This driver consists of GAL::VP16 transactivation domain 
under control of nanos (nos) promoter and 5’-UTR / 3’-UTR (Van Doreen et. al., 1998: 
Rorth et. al., 1998). The driver is annotated as P(GAL::VP16-nos.UTR)CG6325MVD1 
(hence will be referred to as NGMVD1) in Flybase. This driver was specially modified to 
be expressed in Drosophila male and female germline and express a GAL4::VP16 
responsive gene. The NGMVD1 driver utilizes the promoter region and UTR (untranslated 
regions both 5’ and 3’) of nos gene and it was seen that this was sufficient to express 
the nos mRNA in the posterior pole of the embryo and restrict its translation there 
(Phelps and Brand 1998). In this NGMVD1 driver the coding region of nos gene is 
replaced by GAL4::VP16 transactivation domain and localizes to posterior pole and is 
taken up by germ cells (Phelps and Brand 1998). Thus this NGMVD1 driver mimics the 
endogenous nos gene expression and binds to upstream activator sequences (UASp) 
of GAL4 target transgenic constructs and regulates expression of targets in both male 
and female germlines (Rorth 1998).  
qRT-PCR studies were performed on testes tissue dissected from SMC3 RNAi 
knockdown males. The α-tubulin was used as an internal control for variations in total 
RNA amount in samples. The result shows 70% knockdown of SMC3 RNA levels in 
male germline (Figure 3-1). As our NGMVD1 driver is only expressed in meiotic cells in 
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the germline and not in the somatic cells of the testes tissue sample therefore this 
knockdown estimation may be an underestimate of the degree of SMC3 knockdown in 
the germline.  This indicates that NGMVD1 driver is able to knock down SMC3 RNA in the 
meiotic cells in the germline. Along with the zygotic lethality results we can hypothesize 
that the RNAi construct for SMC3 is effective to knockdown the mRNA in germline.   
Cross Scheme (for zygotic lethality assay): 
♂ w/Y; Actin-5C-GAL4 / Cy; +/ + x  ♀ y,sc,v/y,sc,v; +/+; SMC3 RNAi/SMC3 RNAi  
 
♂ y,sc,v/Y; Actin-5C-GAL4 /+ ; +/ SMC3 RNAi  (Knocked down F1Progeny) 
♂ y,sc,v/Y; + /Cy ; +/ SMC3 RNAi  (Sibling control F1Progeny) 
♀ w/y,sc,v; Actin-5C-GAL4 /+ ; +/ SMC3 RNAi  (Knocked down F1Progeny) 
♀ w/y,sc,v; + /Cy ; +/ SMC3 RNAi  (Sibling control F1Progeny) 
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Table 3-1 Efficiency of cohesin complex RNAi constructs 
 
Name of the 
Construct 
% 
knockdown 
progeny 
% sibling 
control progeny 
Total # 
Progeny 
expected null mutant 
phenotype 
SMC3 RNAi 0 100 306 Embryonic lethal 
SMC1 RNAi 46 54 517 Embryonic lethal 
RAD21 RNAi 0 100 324 Embryonic lethal 
Nipped-B RNAi 9 91 322 Larval lethal 
Pds5 RNAi 19 81 333 Larval lethal 
San RNAi 0 100 312 Larval lethal 
Deco RNAi 43 57 368 Larval lethal 
 
Cohesin and cohesin co-factor RNAi constructs driven by ubiquitous driver, Actin5C-
GAL4 driver. The knockdown progeny had both driver and RNAi construct. While the 
sibling control progeny had either the RNAi construct or the Actin5C-GAl4 driver, not 
both (follow the cross scheme). Two female transgenic RNAi flies were crossed with 
one male fly having the GAL4 driver to test their knockdown efficiency. 
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Figure 3-1 SMC3 RNAi knockdown tested by qRT-PCR 
The wild type male flies had only the RNAi construct whereas the knockdown males had 
both RNAi construct and NGMVD1 driver. The bar graph shows the fold difference in 
expression of SMC3 RNA as calculated as fold difference in their respective delta delta 
ct values. The knockdown graph shows 70% knockdown of SMC3 RNA occurs in male 
testes tissue samples. The α-tubulin was used as an internal control and has been used 
to calculate the delta delta ct values. Three biological replicates were done and the 
mean value was taken to plot this graph. The standard deviation was 7.07 and the p 
value was 0.0001. The small symbol * indicates this knockdown is statistically 
significant.  
Cross Scheme: 
♂ w/Y; Bl/Cy; NGMVD1/ NGMVD1   x  ♀ y,sc,v/y,sc,v; +/+; SMC3 RNAi/SMC3 RNAi  
 
♂ y,sc,v/Y; Bl or Cy/+; NGMVD1/ SMC3 RNAi  (males used for qRT-PCR) 
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                                   Figure 3-1 Continued  
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Knockdown of SMC3 disrupts segregation of chromosomes 2 and 3  
 The non-disjunction (NDJ) of the autosomal 2nd chromosome pair was assayed 
(Table 3-2). Monosomic and trisomics for chromosome 2 are always inviable in 
Drosophila. So, the progeny derived from 2nd chromosome aneuploidy sperm are not 
recovered in crosses to chromosomally normal females. Therefore, by crossing males 
to females carrying an attached-2 chromosome (C[2]EN), which generate only diplo-2 
and nullo-2 eggs, aneuploid NDJ sperm can be recovered. If there is no paternal non-
disjunction, this cross produces no progeny but paternal NDJ yields aneuploid sperm 
that can generate viable progeny. This assay allows detection of NDJ but does not 
permit calculation of a NDJ frequency as no regular gametes are recovered. The SMC3 
RNAi knockdown males were crossed to females bearing the compound 2nd 
chromosome (C[2]EN) and the viable progeny per male produced were counted as an 
indication of autosomal 2nd chromosome nondisjunction. Crossing of SMC3 RNAi 
knockdown males with C(2)EN females produced 9.52 progeny per knockdown male 
tested indicating the occurrence of 2nd chromosome NDJ. None of the wild-type males 
(50 males tested) produced any progeny. SMC3 knockdown (107 males were tested) 
produced homolog NDJ and sister chromatid NDJ. We used the formula to calculate the 
estimated %SNDJ out of total NDJ was 85.24%. Since the paternal 2nd chromosomes 
were heterozygous for a dominant marker (Bl, Bristle), we were able to distinguish 22/0 
progeny (progeny with two paternally-derived 2nd chromosomes) that inherited two 
paternal sister chromatids (+/+), derived from sister chromatid NDJ at meiosis II, from 
22/0 progeny that inherited one chromatid from each homolog (Bl/+), derived from 
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homolog NDJ at meiosis I.  The relative frequencies of these two progeny classes 
enabled us to estimate the relative frequencies of sister chromatid NDJ (SNDJ) versus 
homolog NDJ (HNDJ).  0/2.2 progeny could not be used for this estimate because nullo-
2 sperm could arise either from sister chromatid or homolog NDJ (Table 3-2). This data 
show true NDJ (as opposed to chromosome loss) because a substantial fraction 
(34.3%) of the progeny derived from fertilization of nullo-2 eggs by diplo-2 sperm.  The 
65.6% of the progeny is biased toward progeny from nullo-2 sperm, but most of this bias 
is an artifact of the lethality of Bl/Bl progeny. If we adjust the numbers for this event of 
lethality then the ratio of recovered diplo-2 to nullo-2 is 610:656, which is close to 1:1. 
The progeny/male data from previous studies on meiotic proteins (SOLO, SUNN, MNM, 
SNM) affecting chromosome 2 NDJ are quite different from our SMC3 knockdown 
study. For SOLO progeny per male value is 15.42, for SUNN is 13.77, for MNM is 25.9 
and for SNM is 22 (Thomas, Soltani-Bejnood et al. 2005, Yan, Thomas et al. 2010, 
Krishnan, Thomas et al. 2014). Although when compared between our SNDJ in our 
SMC3 knockdown and SNDJ frequency of all these above mentioned meiotic proteins, 
we observe it to be different from them. This result indicates that knockdown of SMC3 
causes NDJ of the 2nd chromosome.  
Another candidate that showed zygotic lethality was RAD21, which was also 
tested for any meiotic roles in males. A similar assay as described above was 
performed with RAD21 RNAi knockdown males. In the RAD21 knockdown only six 
males produced 26 offspring out of the 46 males tested. The fact that the few NDJ 
progeny clustered among progeny from only a few males could reflect mitotic NDJ 
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(Table 3-3).  Perhaps the RAD21 knockdown progeny had a group of cysts originating 
from a single NDJ or they had a loss of some chromosomal event in a germline stem 
cell causing this type of NDJ. This type of events sometimes occurs when a mutation 
induces mitotic segregation defect and the defects gives rise to cyst of cells that come 
in clusters, lots from one fly, none from the next. The reason is that the mitotic divisions 
that follow the event amplify the products.  So, if there is a NDJ in a stem cell, then we 
would get at least a whole cyst of spermatocytes with an extra chromosome or a 
missing chromosome which could produce as many as 64 nullosomic (or disomic) 
sperm.  Thus this result indicates Rad21 may be required for mitotic but not meiotic 
chromosome segregation in Drosophila male meiosis. A recent study conducted in 
Drosophila females indicates that RAD21 is not required for chromosomal segregation 
in meiosis but is required for maintenance of the synaptonemal complex (Urban, 
Nagarkar-Jaiswal et al. 2014).  
 A NDJ assay was conducted for the autosomal 3rd chromosome. C[3]EN 
females carry an attached-3rd chromosome. If there is no non-disjunction, this cross 
produces no progeny.  Paternal NDJ yields aneuploid sperm that can generate viable 
progeny when they fertilize reciprocal classes of oocytes.  . The SMC3 RNAi males (22 
males were tested) produced paternal nullo and diplo sperm which gave rise to progeny 
when crossed with C[3]EN females, containing only diplo-3 and nullo-3 eggs. This cross 
produced 8.56 progeny per male, indicating that knocking down SMC3 in the male 
germline produces substantial autosomal 3rd chromosome NDJ  and the rate is very 
similar to chromosome 2 NDJ rate (Table 3-4). In males (10 were tested) where RAD21 
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was knocked down, there was no 3rd chromosome NDJ observed as the assay did not 
produce any progeny (Table 3-5). Thus, SMC3 knockdown affects segregation of both 
chromosomes 2 and 3 during male meiosis but Rad21 knockdown has no effect on 
meiotic chromosome segregation.  
Knockdown of SMC3 has no effect on chromosome 4 NDJ 
 The 4th chromosome NDJ assay was performed for SMC3 RNAi induced males. 
The attached-4th chromosome stock C(4)EN, ci ey was used in this assay. SMC3 RNAi 
knockdown males were crossed singly with two females with an attached -4th 
chromosome (C(4)RM, ci ey). The progeny were scored by observing the recessive 
cubitus interruptus (ci) and eyeless (ey) markers. C(4)RM, ci ey females generate diplo-
4 and nullo-4 eggs which when fertilized by regular sperm carrying wildtype 4th 
chromosome will yield only ci+ey+ progeny (viable triplo-4 and poorly viable minute 
nullo-4 progeny). Nullo-4 parental sperm from NDJ or loss of 4th chromosome will yield 
viable disomic 0/4.4, ci ey progeny. No such progeny were observed when C(4)EN, ci 
ey females were crossed with 20 SMC3 RNAi knockdown males (Table 3-6). Thus, the 
data above indicate that knockdown of SMC3 in Drosophila male germline has no effect 
on the proper segregation of the 4th chromosome. 
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Table 3-2 Chromosome 2 NDJ in SMC3 knockdown males 
Sperm 
Genotype 
Oocyte 
Genotype 
Progeny 
Genotype 
NDJ 
Type 
# 
Progeny 
Parameters 
2/2, Bl/+ 0 2 2/0, Bl Homolog 90 Number of 
males tested 
= 107 
Total 
Progeny  
= 1019 
Progeny per  
male = 9.52 
SNDJ = 
85.24% 
2/2, +/+ 0 2 2/0,+ Sister 260 
0 2.2 b pr 0/2.2, b pr Homolog 
or Sister 
669 
 
HNDJ = Homolog NDJ, SNDJ = Sister chromatid NDJ. Fifty wildtype control males were 
tested but did not produce any progeny. Due to lack of any distinguishable markers, we 
were not able to distinguish whether the nullo sperm arose from meiosis I or meiosis II 
NDJ events. The SNDJ frequency was estimated by using the following %SNDJ=2x 
SNDJ / SNDJ + HNDJ i.e. %SNDJ= 2 x 260 (2 2/0,+) / 520 + 90 (2 2/0, Bl). 
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Table 3-3 Chromosome 2 NDJ in RAD21 knockdown males 
Sperm 
Genotype 
Oocyte 
Genotype 
Progeny 
Genotype 
NDJ 
Type 
# 
Progeny 
Parameters 
2/2, Bl/+ 0 2 2/0, Bl Homolog 0 Number of 
males tested 
= 46 
Total 
Progeny  
= 26 
Progeny per 
male = 1.76 
 
2/2, +/+ 0 2 2/0,+ Sister 0 
0 2.2 b pr 0/2.2 b pr Homolog 
or Sister 
26 
 
NDJ= Non-disjunction. Ten wildtype control males were tested but did not  
produce any progeny. Forty-six males were tested to the assay effect  
of RAD21 knockdown, only three vials containing two males per vial  
produced progeny.  
 
 
 
 
 
  
 
57 
Table 3-4 Chromosome 3 NDJ in SMC3 knockdown 
# males 
tested 
# male 
progeny 
#  female 
progeny 
Total 
Progeny 
Progeny/ 
male 
22 92 96 188 8.56 
 
NDJ = Non-disjunction. Twenty wildtype control males were tested and no  
progeny were obtained from those crosses.  
 
Table 3-5 Chromosome 3 NDJ in RAD21 knockdown males 
# males 
tested 
# male 
progeny 
#  female 
progeny 
Total 
Progeny 
Progeny/ 
male 
12 0 0 0 0 
 
Twelve wildtype control males were tested and no progeny were obtained 
from those crosses.  
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Table 3-6 No Chromosome 4 NDJ in SMC3 knockdown males 
++ ci ey Total Progeny %NDJ 
213 0 213 0 
 
Each vial contained one SMC3 knockdown male crossed  
with 2 C[4]EN ci ey virgins.  No ci ey progeny were obtained from this cross, which 
means no chromosome 4 NDJ were observed in 20 SMC3 knockdown males  
tested.  
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Knockdown of SMC3 has little effect on segregation of sex 
chromosomes 
 A SMC3 RNAi transgenic stock that carried a genetically marked Y chromosome 
(BsYy+) was used to test sex (X and Y) chromosome NDJ frequencies. To test whether 
knockdown of SMC3 causes homolog NDJ or sister chromatid NDJ or both, the males 
were crossed with females carrying an attached X chromosome (C(1)RM/0). These 
females produce diplo-X and nullo-X eggs roughly in equal rates. In this assay the major 
sperm classes in case of NDJ will be XX and YY (from sister chromatid NDJ), XY (from 
homolog NDJ) and nullo-XY (from either sister or homolog NDJ). The progeny classes 
that result from combining these sperm classes with one of the two egg classes are 
detailed in Table 3-7. SMC3 knockdown males produced 2.86% sex chromosome NDJ. 
This result indicates that the SMC3 RNAi knockdown mildly affect the sex chromosome 
segregation and cohesion. Perhaps there is a difference in sex chromosome cohesion 
and the autosomal cohesion mechanism. Alternately, the knockdown of SMC3 is not 
enough to affect the sex chromosome cohesion machinery and sex chromosomes may 
form functional cohesion complex with small amount of SMC3 present in the cells. This 
result is very different from the SOS (SOLO, ORD and SUNN) proteins, where there is a 
significant amount of sex chromosome NDJ (random assortment) (Yan, Thomas et al. 
2010, Krishnan, Thomas et al. 2014). The other explanation for this NDJ result in case 
of SMC3 knockdown can be that the SOS complex may be able to stabilize the sex 
chromosome cohesion without help from SMC3. When the RAD21 RNAi line was 
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tested, no sex chromosome NDJ was observed. This result, again, indicates that 
RAD21 has no meiotic role in cohesion in males.  
Knockdown of SMC3 does not affect homolog conjunction 
In previous study it was seen that the homolog conjunction complex proteins MNM and 
SNM do not co-localize with the cohesin protein SMC1 in Drosophila spermatocytes 
(Thomas, Soltani-Bejnood et al. 2005). We wanted to observe whether knockdown of 
cohesin protein SMC3 affects SNM localization in spermatocytes and also to determine 
whether conjunction of homologs is affected by SMC3 knockdown. In Figure 3-2A we 
observe that SNM localizes to DNA in S6 spermatocyte stage of Prophase I normally, 
when there is no driver to knockdown SMC3 in control wildtype flies. In Figure 3-2B we 
also observe similar wildtype localization pattern of SNM in SMC3 knockdown 
spermatocytes. This result indicates that knockdown of cohesin protein SMC3 does not 
affect SNM localization to spermatocyte DNA. As we already know SNM and MNM are 
interdependent for their localization (Thomas, Soltani-Bejnood et al. 2005). So, we can 
infer that cohesin complex and conjunction complex do not interact during meiosis in 
Drosophila. This result agrees with the finding of Thomas et al. that SMC1 does not co-
localize with conjunction proteins. The severe phenotypes of homologs falling apart due 
to loss of homolog conjunction (Figure 3-2C). In Figure 2D we can see DAPI staining of 
the DNA from Prophase I to Anaphase I in SMC3 knockdown spermatocytes, which 
looks different from conjunction complex mutants. If conjunction complex is affected or 
mutated we observe very different DAPI patterns for DNA and those patterns indicate 
loss of homolog conjunction. But this DNA pattern observed in SMC3 knockdown  
  
 
61 
Table 3-7 Sex chromosome NDJ in SMC3 and RAD21knockdown 
males 
RNAi 
Construct 
X♂ BsYy+♀ XBsYy+♂ 
(NDJ) 
XX♀ 
(Sister 
NDJ) 
O♀ 
(NDJ) 
% NDJ 
SMC3 279 297 1 2 12 2.86 
RAD21 86 91 0 0 0 0 
 
Genetically marked Y chromosome (BsYy+) was introduced in to SMC3 RNAi or RAD21 
RNAi stock and NGMVD1 driver was used to induce RNAi mediated knockdown. Single 
males were crossed with two females from attached-X chromosome stock C(1)RM/0. 
Forty SMC3 knockdown and ten RAD21 knockdown males were tested. C(1)RM/0 
females produce diplo-X and nullo-X eggs. Males producing aneuploid sperm when 
fertilizes these eggs produce XX, XY and nullo-XY and permit recovery of viable 
progeny.  The nullo-XY (O) sperm would be produced as a result from both meiosis I 
and meiosis II NDJ events. The NDJ% was scored using the formulae % NDJ = 100 x 
((2 x XX) + XY + O)/ n. The diplo-Y sperm are not efficiently distinguished in this assay, 
so diplo-XX is doubled during NDJ calculation. The WT control males produced about 
0.1% NDJ due to spontaneous NDJ event.  
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indicates that the conjunction complex is functional and there is no loss of homolog 
conjunction. Thus along with SNM localization data this result indicates that SMC3 
knockdown does not affect homolog conjunction. 
Knocking down SMC3 causes premature sister chromatid separation 
and meiosis II NDJ for both major autosomes 
The 1.686 g/cm3 satellite region is a non-centromeric heterochromatic region 
located on the 2nd (h37) and 3rd (h48) chromosome arms. A previous FISH study 
concluded these regions act similarly to the centromeric regions of the autosomes in 
male meiosis (Tsai, Yan et al. 2011). Like centromeres, but unlike most other non-
centromeric sites, 1.686 domains remain cohesive until anaphase II (Tsai, Yan et al. 
2011). In wildtype spermatocytes autosomal homologs are paired and sister chromatids 
are paired during early prophase I (S1 and S2a) (Thomas and McKee 2009). During 
mid-prophase I when distinct chromosome territories are formed the euchromatic 
pairing of autosomal homologs is lost. The homologous centromeres pair during S3 and 
then come unpaired at the S3/S4 transition. They remain like that throughout meiosis I 
but homologs properly condense  to form bivalents in prometaphase I and segregate 
normally at anaphase I (Thomas and McKee 2009). We know that the conjunction 
complex that localizes to autosomes and sex chromosomes helps in holding the 
homologs together until anaphase I and in proper segregation in meiosis I (Thomas, 
Soltani-Bejnood et al. 2005). In wildtype the FISH assay with the probe against 1.686 
g/cm3 satellite region shows two spots, one each for chromosome 2 and 3 during early 
prophase I when the autosomal homologs and centromeres are paired. 
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Figure 3-2 Homolog conjunction is not affected by SMC3 knockdown 
S3, S3 are Prophase I stages of spermatocytes undergoing meiosis. 2A. Anti-SNM 
antibody (red) was used to determine SNM localization and DAPI was used to stain 
DNA (blue). Wildtype control consists of SMC3 RNAi construct but no driver. SNM 
localizes normally. 2B. SMC3 RNAi construct was knocked down by  NGMVD1 driver and 
anti-SNM antibody was used to determine SNM localization. Like wildtype control we 
see similar SNM localization at DNA territories.  2C. DNA is red, Tubulin is green. The 
DNA bivalents have fallen apart in mnm/snm mutants due to loss of homolog 
conjunction. But in solo mutants you donot observe such severe phenotype. 2D. DAPI 
stained images of SMC3 knockdown spermatocytes from prophase I to anaphase I. 
These images show that SMC3 knockdown does not affect homolog conjunction or else 
we would have observed dispersed DNA territories.  
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From mid-prophase I through metaphase I when the homologs are unpaired but sister 
chromatids paired, we observe 4 spots, 2 each for chromosome 2 and 3 respectively. At 
prometaphase II, nuclei contain univalents with paired sister chromatids and typically 
show two spots, one spot each for chromosome 2 and 3. When the same assay was 
done with probe against 1.686 g/cm3  in a solo mutant background, there were five to 
eight spots at prometaphase I and four spots at prometaphase II (Tsai, Yan et al. 2011), 
suggesting premature loss of sister chromatid cohesion.   
 In this study we found more than 4 spots in most prophase I SMC3 knockdown 
spermatocytes, indicative of loss of cohesion in chromosome 2 and 3. The mean spot 
number calculated for prophase I nuclei was 5.5 ± 1.10. A representative image for 
prophase I in Figure 3 shows 7 spots, indicative of loss of cohesion. Most 
prometaphase I nuclei also show more than 4 spots in SMC3 knockdown 
spermatocytes, with a mean spot number of 5.77 ± 1.31. A representative 
prometaphase I image shows 6 spots (Figure 3-3). The metaphase I nuclei also show 
more than 4 spots with a mean spot number 6.34 ± 1.13 and we can see almost 8 spots 
in Figure 3 image of metaphase I. The meiosis I data indicates that PSCS (premature 
sister chromatid separation) is about 45% (Table 3-8). This PSCS estimation was done 
based on the assumption that 4 spots per spermatocyte nuclei meant 0% PSCS and 8 
spots meant 100% PSCS. The mean  spot number in meiosis I nuclei is 5.8, which is 
used to estimate the PSCS percentage. The meiosis II spot data shows more than 2 
spots with a mean spot number of 3.05 ± 0.81, indicative of PSCS and loss of cohesion 
in autosomes (2 and 3) (Figure 3-3). In the prophase II panel of Figure 3-3, 4 spots can 
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be seen in each nucleus. The meiosis I NDJ can be estimated from distribution of spot 
numbers in Prophase II nuclei. If there was conventional meiosis I NDJ there would 
have been various spot numbers observed in prophase II nuclei ranging between 0-8. 
Taking into account the PSCS frequency of about 50%, nondisjunction would have 
generated prophase II nuclei with more than four spots, as well as nuclei with 0 or 1 
spot.  But Table 3-8 shows the spot numbers vary only between 2-4 spots. As this spot 
range can be completely accounted for by assuming a PSCS frequency essentially the 
same as at earlier stages, the best estimate for meiosis I NDJ for this data set is 0%. 
The absence of NDJ does not indicate that meiosis I chromosome segregation was 
completely normal.  Previous results from solo and sunn mutants indicate that in 
meiosis I cells in which sister centromeres have separated prematurely, equational 
segregation of sex chromosomes is a frequent outcome.  But this assay of autosomal 
segregation cannot distinguish sister from homologous chromatids, so this type of mis-
segregation would go undetected. 
  The spermatid spot counts at the end of meiosis II show that there 0,1,2,3 and 4 
spotters (Figure 3-3 bottom panel) with a mean spot number 1.8 ± 0.69. Meiosis II NDJ 
of chromosomes 2 and 3, estimated from spermatid spot counts is an average for both 
chromosomes (Materials and Methods). The meiosis II NDJ rate estimated was 25.7% 
(Table 3-8). Thus these data indicate that due to SMC3 knockdown the chromosome 2 
and 3 undergoes PSCS and meiosis II NDJ. These data are in agreement with the 
genetic NDJ studies conducted (Table 3-2 and 3-4) in our study, that chromosome 2 
and 3 cohesion is affected by SMC3 knockdown.  
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Figure 3-3 Knockdown of SMC3 causes mis-segregation of major 
autosomes 
 1.686 probe is green and DAPI staining DNA is blue in color. Each major autosome 
has one hybridization site for the 1.686 probe.  3A. During WT meiosis, 4 spots are 
observed in prophase I, prometaphase I and metaphase I, two spots for each autosome 
(2 and 3). During prophase II, prometaphase II and metaphase II in WT spermatocytes, 
2 spots should be present in each nucleus. 3B. In the SMC3 knockdown, many primary 
spermatocytes exhibited more than 4 and up to 8 spots (7, 6 and 8 spots, respectively, 
in the prophase I, prometaphase I and metaphase I cells shown) indicating premature 
loss of cohesion. In prophase II, SMC3 knockdown nuclei were observed to have up to 
4 spots in place of two spots, indicating loss of cohesion. Spermatids show 0-4 
indicative of NDJ in meiosis II.  
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Table 3-8 Quantification of 1.686 spot assays in SMC3 knockdown 
males 
 
Stages 
Spot numbers  Parameters 
0 1 2 3 4 5 6 7 8 N Mean 
Spot ± 
SD 
PSCS % 
NDJ 
Meiosis I              
PI 0 0 3 1 1
9 
25 28 1
2 
8 94 5.5 ± 
1.10  
  
PMI 0 0 0 0 8 14 10 6 7 45 5.77 ± 
1.31 
  
MI 0 0 0 0 7 11 27 2
7 
14 86 6.34 ± 
1.13 
45%  
Meiosis 
II 
             
PII 0 0 61 67 7
1 
0 0 0 0 199 3.05 ± 
0.81 
52.5% MI:0 
Spermati
ds 
14 184 386 68 8 0 0 0 0 660 1.8 ± 
0.69 
 MII:2
5.7 
 
Table entries include number of cells with indicated FISH spot numbers for 1.686 probe 
in SMC3 knockdown spermatocytes. N=Total number cells counted in each stage of 
meiosis; PI = Prophase I, PMI = Prometaphase I, MI = Metaphase I and PII = Prophase 
II; PSCS = Premature Sister Chromatid Separation; NDJ = Non-Disjunction; MI = 
meiosis I and MII = meiosis II; Mean spot numbers are calculated for each stage of 
meiosis and standard deviation is calculated to incorporate sampling error. Meiosis I 
(MI) NDJ frequency is derived from frequency of aneuploid meiosis II cells, those with 0, 
1 or 5-8 spots.  Meiosis II (MII) NDJ is calculated from spermatid spot counts and is an 
average for the two chromosomes (2 and 3).  
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Knockdown of SMC3 has no effect on sex chromosome NDJ 
visualized by heterochromatic probes 
 The pericentromeric heterochromatic probe 359 (green) recognizes the X 
chromosome while the heterochromatic arm probe AATAC (red) recognizes the Y 
chromosome. The segregation pattern of X and Y chromosome can be tracked using 
these probes. As the 359 heterochromatic region is pericentromeric region, it behaves 
like the centromeric region and if cohesion is maintained shows one spot during 
segregation at anaphase I. The AATAC repeat region is located on the long arm of the 
Y chromosome and during late prophase of meiosis I the arm cohesion is lost in sister 
chromatids and AATAC region shows two spots until anaphase I segregation (Yan, 
Thomas et al. 2010). In wildtype anaphase I cells, the X and Y chromosomes undergo 
reductional segregation and they move to opposite poles. If, at anaphase I, the sex 
chromosomes are segregating normally, then the expected result is one 359 spot at one 
pole and 2 AATAC spots (sometimes one spot if they overlap) at the opposite pole. If 
the 359 bp probe shows two spots, that is indicative of loss of cohesion for the X 
chromosome; the state of Y chromosome cohesion cannot be understood from AATAC 
spots. If there was loss of cohesion, then we would expect to observe 359 and AATAC 
spots segregating together (equational) at anaphase I, as one of the possible outcomes 
of NDJ event. In SMC3 knockdown males in this FISH studies we observed mostly 
normal segregation of sex chromosomes at anaphase I (Figure 3-4B) (Table 3-9). At 
anaphase I it was observed that the sex chromosomes segregating normally to two 
opposite poles as in WT spermatocytes (Figure 3-4B).  In addition, there was no 
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evidence for premature separation of the sister 359 spots during meiosis I, indicating 
that cohesion is maintained at this pericentromeric site throughout meiosis I. These data 
suggest that SMC3 RNAi knockdown has little or no effect on sex chromosome 
segregation in males. 
SMC3 knockdown disrupts cohesion of some but not all centromeres 
 CID (Centromere Identifier) is H3 histone variant found in the centromeric 
heterochromatic nucleosome complex, spot assay (Blower and Karpen, 2001) was 
performed to directly test whether the loss of cohesin (SMC3) causes premature 
separation of sister chromatids before anaphase II in spermatocytes (Figure 3-5). In this 
assay, an antibody against CID was used to observe whether the centromeres of the 
spermatocytes were cohesive or non-cohesive due to SMC3 RNAi knockdown. 
Normally if centromeric cohesion is maintained, we observe up to a maximum of 8 CID 
spots in meiosis I and up to maximum of 4 spots in meiosis II spermatocytes.  
 In control spermatocytes, the number of CID foci never exceeded 8 spots in 
meiosis I and 4 spots in meiosis II spermatocytes; this is consistent with previous CID 
spot assay data (Yan, Thomas et al. 2010, Krishnan, Thomas et al. 2014). In the SMC3 
knockdown, spermatocyte nuclei with more than 8 spots, indicating loss of centromeric 
cohesion, were observed at frequencies of 20.6% for stages S3/S4 (mid-prophase I)  
and 53.7% at stages  S5/S6 (late prophase I), with 7.1 ± 2 and 7.9 ± 3.2  mean spot 
numbers  respectively (Table 3-10). Nuclei with more than 8 spots were present in 53% 
of PM I spermatocytes and 56% of M I spermatocytes, with 8.6 ± 2.2 and 9.8 ± 3.2 
mean spot numbers respectively (Table 3-10). 
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Figure 3-4 Knockdown of SMC3 has little or no effect on sex 
chromosome segregation 
PMI = PrometaphaseI, MI= Metaphase I and AI= AnaphaseI. The DAPI staining is used 
to stage the spermatocytes. 359 probe is used to visualize the X chromosome, while 
AATAC probe is used to visualize the Y chromosome. 4A. Different meiosis I stages are 
shown from PMI to AI. 4B. If the sex chromosomes are segregating normally we 
observe one 359 spot and two AATAC spots separating from each other at anaphase 
I.The sex chromosome segregation pattern was observed to be normal in SMC3 
knockdown males in these images showing anaphase I. Looking at 359 bp probe it can 
be inferred X chromosome cohesion is stable in meiosis I  
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Table 3-9 Quantification of Anaphase I Segregation Pattern 
 Anaphase I Segregation Patterns  
 XX / YY XY / XY XXYY / 0 or XXY/Y or XYY / 
X 
%NDJ 
Wild Type 30 0 0 0 
Knockdown 40 0 0 0 
 
 
359 and AATAC spots were observed for this quantification. Single 359 spot on one 
nucleus and two AATAC spots on other nucleus is indicative of XX / YY normal 
segregation at end of meiosis I. As no segregation defect was found, so %NDJ 
estimation is 0. 
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47.5% of meiosis II nuclei in the SMC3 knockdown showed more than 4 spots, 
indicating loss of centromeric cohesion (mean spot number = 4.5 ± 1.2). On a very rare 
occasion, we observed a total loss of cohesion in the CID spot assay. The 9.8 ± 3.2 
mean spot number is in agreement with the NDJ data because the chromosomes 2 and 
3 are mostly affected by SMC3 knockdown; there is little effect on sex chromosomes 
and no effect on chromosome 4. Thus, these data indicate that when SMC3 is knocked 
down in spermatocytes, it disrupts cohesion of about 50% of nuclei (mostly major 
autosomes), starting at stage S5 of prophase I, while the rest of the spermatocytes 
show no loss of cohesion throughout meiosis. 
 
Cohesion protein SOLO localizes normally to both cohesive and non-
cohesive centromeres in SMC3 knockdown spermatocytes 
 SOLO (Sisters On the Loose) is required for cohesion in Drosophila male and 
female meiosis (Yan, Thomas et al. 2010, Yan and McKee 2013). To directly test 
whether SMC3 knockdown had any effect on SOLO localization in spermatocytes, a 
UAS-Venus::SOLO  transgenic construct was used. A Nanos-GAL4::VP16 germline 
driver was used to drive the UAS-Venus::SOLO  transgenic construct (Yan, Thomas et 
al. 2010, Yan and McKee 2013). Normally, the SOLO protein localizes to centromere 
regions of the meiotic chromosomes. Co-localization of Venus::SOLO and CID signals 
verify this observation (Yan, Thomas et al. 2010). SOLO is required for localization of 
cohesin protein SMC1 in spermatocytes. In SMC3 knockdown spermatocytes, we 
observed that SOLO localizes normally to centromeres. The cohesive or non-cohesive  
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Figure 3-5 Some but not all centromeric cohesion is disrupted due to 
SMC3 knockdown 
Anti-CID antibody was used to visualize and monitor centromeres in these 
immunostaining assays, where green spots represent centromere (CID) and DAPI 
stained DNA is red. S3, S4, S5 and S6 are stages of prophase I. PMI= Prometaphase I, 
MI= Metaphase I and MII= Metaphase II. 5A. In Wildtype control spermatocytes, CID 
spot number never exceeds 8 spots throughout meiosis I and 4 spots throughout 
meiosis II.  The representative images of S3/S4, S5/S6, PMI, MI and MII show 7, 7, 8 
and 4 respectively. 5B. In SMC3 knockdown spermatocytes, CID spot numbers exceed 
8 spots in spermatocytes starting at S3/S4 to few more at S5/S6, PMI, MI and more 
than 4 spots in some MII. The representative images of S3/S4, S5/S6, PMI, MI and MII 
show 11, 12, 12, 14 and 5 spots respectively.  
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Table 3-10 Quantification of CID spot assay 
S1, S2, S3, S4, S5 and S6 are different stages of Prophase I. PMI = Prometaphse I, MI 
= Metaphase I and MII = Metaphase II. More than 8 CID spots in meiosis I and more 
than 4 CID spots in meiosis II indicate loss of sister centromeric cohesion. N is the 
number of meiotic nuclei counted. Mean spot numbers are calculated for each stage of 
meiosis and standard deviation is calculated to incorporate sampling error. Percentage 
of cells having more than 8 spots in meiosis I and more than 4 pots in meiosis II are 
shown in the right most column of this table.  
 
 
 
 
 
 
Meiosis I  
Spot numbers Parameters 
2-4 5 6 7 8 9 10 11 12 13 14 15 16 N Mean 
spot 
± SD 
>8 
spots 
S1/S2 139 0 0 0 0 0 0 0 0 0 0 0 0 139 3.7± 
0.7 
0 
S3/S4 2 12 53 21 12 6 8 6 4 1 1 0 0 126 7.1 ± 
2 
20.6% 
S5/S6 1 5 9 11 17 11 10 14 5 0 0 0 2 93 7.9 ± 
3.2 
53.7% 
PMI  4 10 7 4 11 8 4 5 0 1 0 0 54 8.6 ± 
2.2 
53% 
MI  0 0 5 15 8 9 6 3 0 0 0 3 53 9.8 ± 
3.2 
56% 
MeiosisII  <4 4 5 6 7 8          >4 
spots 
MII 16 70 43 25 10 1        166 4.5 ± 
1.2  
47.5% 
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state of the centromeres does not alter the SOLO localization pattern in spermatocytes 
(Figure3-6). SOLO normally localizes to the centromere from early meiosis I to 
metaphase II, as observed by monitoring Venus::SOLO spots. The only difference 
between the wildtype control and SMC3 knockdown spermatocytes was the cohesion 
state of the centromeres. Venus::SOLO spots are quantified in Table 3-11 below. The 
centromeric localization of Venus::SOLO is verified by co-localization of SOLO with CID 
in SMC3 knockdown spermatocytes and this indicates the SOLO localization observed 
in Figure 6 was at centromere (Figure3-7). The quantification data (Table 3-10) for 
Venus::SOLO localization in SMC3 knockdown spermatocytes is very similar to 
quantification of CID spot assay done in this study (Table3-10). This quantification 
indicates that destabilization of cohesin protein SMC3 does not affect the localization of 
SOLO in male meiosis.  
C(2)M mutation does not affect chromosome segregation in SMC3 
knockdown males 
 C(2)M was identified through bioinformatics as an α-kleisin homolog in 
Drosophila. C(2)M is required for chromosome synapsis, for normal levels of homolog 
recombination, and for proper meiosis I chromosome segregation in female meiosis in 
Drosophila. C(2)M interacts with SMC3 and RAD21 in  Drosophila females (Manheim 
and McKim 2003) (Heidmann, Horn et al. 2004). C(2)M also interacts with SMC1 in vitro 
studies (Urban, Nagarkar-Jaiswal et al. 2014). C(2)M mRNA and protein are expressed 
in Drosophila testis (Heidmann, Horn et al. 2004) yet C(2)M mutants do not affect sex 
chromosome non-disjunction in Drosophila males (Manheim and McKim 2003). So, we  
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Figure 3-6 SOLO localization dynamics is not changed in SMC3 
knockdown spermatocytes 
UAS-Venus::SOLO transgene driven by NGMVD1 driver was used to visualize localization 
of SOLO in spermatocytes in these immunofluorescence assays, where green spots 
represent Venus::SOLO and DAPI stained DNA is red. S3, S4, S5 and S6 are stages of 
prophase I. PMI= Prometaphase I, MI= Metaphase I and MII= Metaphase II. 6A. In 
Wildtype control spermatocytes, Venus::SOLO localizes normally throughout meiosis I 
and throughout meiosis II at cohesive centromeres. The representative images of 
S3/S4, S5/S6, PMI, MI and MII have 5,4,7, 8 and 4 Venus::SOLO spots respectively 
shown here. 6B  In SMC3 knockdown spermatocytes, Venus::SOLO localizes normally 
throughout meiosis I and throughout meiosis II at cohesive and non-cohesive 
centromeres. The representative images of S3/S4, S5/S6, PMI, MI and MII shows 10, 
11, 14, 16 and 7   Venus::SOLO spots respectively.   
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Table 3-11 Quantification of SOLO localization 
 
 
Meiosis I  
Spot numbers Parameters 
4 5 6 7 8 9 10 11 12 13 14 15 16 N Mean 
spot # 
>8 
spots 
S1/S2 50 0 0 0 0 0 0 0 0 0 0 0 0 50 4 ± 0 0 
S3/S4 2 14 17 28 24 8 8 4 2 1 0 0 0 108 7.4 ± 
1.8 
21.2% 
S5/S6 2 6 6 10 12 17 12 2 2 1 0 0 0 70 8.7 ± 
1.9 
50.0% 
PMI  0 8 5 6 6 10 3 8 0 1 0 0 47 9 ± 2.1 59.5% 
MI  0 0 0 11 10 8 7 8 1 0 0 2 47 10.1 ± 
1.9 
59.5% 
MeiosisII  <4 4 5 6 7 8          >4 
spots 
MII 2 17 16 19 4 0        58 5.1 ± 1 67.2% 
 
S1, S2, S3, S4, S5 and S6 are different stages of Prophase I. PMI = Prometaphse I, MI 
= Metaphase I and MII = Metaphase II. Mean spot numbers are calculated for each 
stage of meiosis and standard deviation is calculated to incorporate sampling error 
Venus::SOLO spot numbers indicate that SOLO localizes normally to cohesive and non-
cohesive centromeres. N is the number of meiotic nuclei counted. This table indicates 
similarities between CID spots and Venus::SOLO spots in Drosophila spermatocytes.   
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Figure 3-7 SOLO co-localizes with CID in SMC3 knockdown 
spermatocytes during early prophase 
S1/S2 staging of spermatocytes are done according to Cenci et al., 1994. In this 
immunostaining assay, green spots represent Venus::SOLO signal, red spots represent 
anti-CID antibody signals and blue clumps represent DAPI signal for DNA. 
Venus::SOLO localization in this figure indicates that the SOLO localization observed in 
Figure 6 was at the centromere and SMC3 knockdown does not interfere with it. 
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wanted to test whether the SMC3 RNAi phenotypes change in absence of C(2)M in 
Drosophila male. This may shed light on whether the redundancy of cohesin function is 
dependent on C(2)M. We created two fly lines; one had a genetically marked Y (BsYy+) 
chromosome, C(2)MEP2115 mutation on the balanced second chromosome and NGMVD1 
germline driver on the third chromosome. Another line was created with C(2)MEP2115 
mutation on the balanced second chromosome and SMC3 RNAi transgenic construct 
on the third chromosome. By crossing males from the first line with females from the 
second, we generated flies with SMC3 RNAi knockdown in a C(2)MEP2115-/- homozygous 
mutant background. The autosomal 2nd chromosome NDJ assay didn’t yield any 
different NDJ rate for these male flies. The autosomal NDJ yield about 9.5 progeny per 
male tested (Table 3-12). As there were no markers on the second chromosome, it was 
not possible to distinguish between homolog or sister chromatid NDJ rates. The sex 
chromosome NDJ assay result was similar to the NDJ frequency we obtained when we 
knocked down SMC3 alone. The NDJ frequency was 3.76%. This indicates that C(2)M 
may have another role in the Drosophila male germline apart from cohesion or no role 
at all. 
Knockdown of SMC3 using double RNAi constructs showed similar 
results as obtained before with single RNAi construct 
 A fly line was generated containing homozygous insertions of SMC3 on second 
and third chromosomes. Then this fly line was crossed with NG driver line. The 
knockdown male flies were then tested for chromosome 2 and sex chromosome NDJ. 
Forty-two SMC3 double RNAi construct knockdown males were crossed similarly as  
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Table 3-12 Results of 2nd chromosome NDJ in SMC3 knockdown 
males in a C(2)MEP2115 mutant background 
# males 
tested 
# male 
progeny 
#  female 
progeny 
Total Progeny Progeny/ 
male 
10 45 50 95 9.5 
 
NDJ= Non-disjunction; Four control WT males were crossed with C[2]EN b pr 
 females but did not yield any progeny. Looking at the progeny per male  
data we can understand that this is very similar to sole SMC3 knockdown data. 
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before with attached-2 (C[2]EN/0) line for the NDJ assay. The total number of progeny 
per male obtained was 9.5 (Table 3-13). Another double RNAi construct line was 
created with marked Y (BsYy+) chromosome. Then similar sex chromosome NDJ assay 
was performed to observe whether the increase in RNAi constructs can change the 
NDJ% obtained before using a single construct for SMC3. But sex chromosome NDJ 
frequency did not change in this experiment. The NDJ obtained in this assay was 
3.45%. Total of fourteen males were tested for sex chromosome NDJ. 
 These studies yielded similar results as before and there were no 
significant increase in NDJ percentage of either chromosome 2 or sex chromosomes 
than obtained using one RNAi construct. This may indicate either the increase in more 
RNAi short hairpins does not significantly increase the knockdown efficiency or single 
construct is efficient enough to knockdown SMC3 to optimal levels in the germline. In 
future may be double NG driver line can be used in conjunction with this double RNAi 
construct line to test whether that can make more severe phenotype than we observed.  
SMC3 knockdown in a SMC1 heterozygous mutant background does 
not change sex chromosome segregation pattern in male meiosis  
 A stock of the SMC1 deletion mutant smc1exc46 was obtained from Dr. Scott 
Hawley.   An excision of a P element inserted at the transcription start site of smc1 
created this SMC1exc46 mutation. This SMC1exc46 mutation is recessive lethal (Dorsett, 
Eissenberg et al. 2005). So, we created a stock where we knocked down SMC3 with 
NGMVD1 germline driver in a SMC1exc46/+ mutation (heterozygous) background and  
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Table 3-13 Chromosome 2 NDJ in double RNAi construct knockdown 
of SMC3 
# males 
tested 
# male 
progeny 
#  female 
progeny 
Total Progeny Progeny/ male 
42 198 203 401 9.5 
 
NJD= Non-disjunction. Sixteen WT control males were tested, but no NDJ was 
observed as those crosses did not yield any progeny. This progeny per male is very 
similar to knockdown of single SMC3 RNAi construct. 
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observed sex chromosome segregation using 359 bp and AATAC FISH probes. In this 
experiment we did not observe any X chromosome cohesion loss, as the 359 bp spots 
were single spots from Prophase I to anaphase I (Figure 3-9A). At anaphase I we 
observe wildtype segregation of sex chromosomes (Figure 3-9B), which is very similar 
to sex chromosome segregation pattern we observe in Figure 3-4B (Table 3-15). During 
anaphase II we see wildtype segregation of sex chromosomes in these flies (Figure 3-
9C). This result may indicate after 50% reduction in SMC1 protein level and SMC3 
knockdown still sex chromosomes can mostly segregate normally male meiosis. This 
may be due to SOS proteins may be redundantly maintaining cohesion at the 
centromeres of sex chromosomes. It will be interesting observe whether there are other 
factors that facilitate cohesion in Drosophila other than mitotic cohesins.  
RNAi knockdown of cohesin co-factors, San, Pds5, Nipped-B and 
Deco did not disrupt chromosome segregation in male meiosis  
 The homologs of some of the major known cohesin co-factors encoded by the 
Drosophila genome are Nipped-B, Pds5, San and Deco. All of these genes are 
essential, with lethality occurring at the latest in larval development, as is typical for 
mitotic genes (McKee, Yan et al. 2012). The RNAi transgenic lines were driven by 
Nanos-GAL4::VP16 driver to induce germline knockdown of these co-factors. Similar 
autosomal NDJ assays were performed with these male flies as was done for SMC3 
RNAi knockdown males. No autosomal NDJ was observed for Nipped-B, Pds5, San and 
Deco (Table 3-14). Next, immunostaining was performed to directly test whether 
knockdown of these co-factors affects centromeric cohesion. Anti-CID antibody was  
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Figure 3-8 SMC3 knockdown in SMC1exc46/+ mutation background does 
not impair sex chromosome segregation 
DNA is blue, 359 bp probe is green and AATAC probe is red in color. 9A. 
Prometaphase I to Anaphase I spermatocytes of meiosis I shows no loss of centromeric 
cohesion of X chromosome based on single 359 bp spot. 9B. Anaphase I segregation 
pattern is indicative of wildtype sex chromosome segregation pattern. It shows X and Y 
chromosome move to opposite poles. 9C. Anaphase II segregation of sex chromsomes. 
In SMC3 knockdown and SMC1exc46/+ mutation does not affect normal sex chromosome 
segregation pattern. 
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Figure 3-8 Continued 
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Figure 3-8 Continued 
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Table 3-14 Quantification of Anaphase I segregation pattern 
 Anaphase I Segregation Patterns  
 XX / YY XY / XY XXYY / 0 or XXY/Y or XYY / X %NDJ 
Wild Type 30 0 0 0 
Knockdown 30 0 0 0 
 
359 and AATAC spots were observed for this quantification. Single 359 spot on one 
nucleus and two AATAC spots on other nucleus is an indicative of XX / YY normal 
segregation at the end of meiosis I. As no segregation defect was found, %NDJ 
estimation is 0. 
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used to track centromeres. No loss of centromeric cohesion was observed in these 
assays (Figure 3-8). According to our RNAi efficiency test (Table 3-1), San (100%), 
Pds5 (~81%) and Nipped-B(~91%) RNAi constructs, but not Deco (57%) showed good 
knockdown efficiency during development. This is why the result for Deco is not 
surprising. For San, Nipped-B and Pds5 we can surmise that these factors may not 
have a role in male meiotic cohesion mechanism.  Alternatively, perhaps the knockdown 
of these co-factors with the available shRNAi lines in the male germline is not sufficient 
enough to induce any meiotic phenotype. New RNAi transgenic lines that are becoming 
available from the Drosophila TRiP resource center can be re-tested to confirm the 
preliminary data. 
SMC3 knockdown abolished homolog synapsis in female meiosis 
 As the SMC3 knockdown females were sterile, no genetic tests were performed 
on them. So, to observe the effects of SMC3 RNAi knockdown in SC formation, we 
stained dissected ovaries with antibody against the transverse filament protein C(3)G. 
(Page and Hawley 2004). In SMC3 RNAi knockdown germaria, we observed 
destabilized C(3)G spots indicative of disrupted SC. In the wild type germaria the C(3)G 
staining shows a filamentous morphology (Figure 3-10A). This filamentous morphology 
of C(3)G indicates proper formation of SC. This filamentous morphology starts forming 
in Region 2a (early pachytene) of germeria. Then the fully formed SC is restricted to a 
single oocyte which lies at the posterior end of the cyst in Region 3 (Figure 3-10A).  
These cysts develop further and enter the vitellarium where they are surrounded by a  
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Table 3-15 Knockdown of cohesin co-factors did not produce 
chromosome 2 and 3 NDJ 
RNAi 
Target 
Attached -2 # of 
males 
tested 
Progeny % 
NDJ 
Attached-3 # of 
males 
tested 
Progen
y 
% 
NDJ 
San C(2)EN  14 0 0 C(3)EN  8 0 0 
Pds5 C(2)EN  20 0 0 C(3)EN  12 0 0 
Nipped-
B 
C(2)EN  13 0 0 C(3)EN  12 0 0 
Deco C(2)EN  13 0 0 C(3)EN  10 0 0 
 
At least ten WT control males were tested for each knockdown class. None of the WT 
control yielded any progeny.  
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Figure 3-9 Knockdown of cohesin co-factors did not affect the 
centromeric cohesion 
Immunostaining assay was performed using anti-CID antibody to monitor centromeric 
cohesion in cohesin co-factor knockdown spermatocytes. At least 20 nuclei were 
observed for each RNAi construct. San RNAi knockdown S5/S6 spermatocytes show no 
loss of centromeric cohesion, because 6 CID spots (>8 spots means no loss of 
cohesion) were observed. For Pds5 also showed similar number of CID spots (6 spots) 
in  prophase spermatocytes. In case of Nipped-B spermatocytes we observed about 7 
CID spots, indicationg no loss of centromeric cohesion. In the bottom panel the Deco 
RNAi knockdown spermatocytes showed 8 CID spots.  
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Figure 3-9 Continued 
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layer of somatic follicle cells. In these egg chambers the SC slowly starts disassembling 
from stage 5 and by stage 7 it has completely disappeared (Figure 3-10B). The 
chromosomes compact to form the karyosome. But in the SMC3 RNAi knockdown 
germeria it shows very different morphology which indicates disruption of SC (Figure 3-
10C). The C(3)G morphology observed in germeria were small spots around the edges 
of the nuclei. These results indicate that due to knockdown of SMC3 SC complex 
formation is disrupted. Further investigation in to later stages of oocyte development we 
observed a defused stain of C(3)G which is indicative of that the SC complex never was 
formed in stage 4 egg chambers (Figure 3-10D). So, the SC is not established properly 
during female meiosis when SMC3 is depleted. One other study had also shown similar 
phenotypes of SC disruption when SMC3 knocked down in germaria (Tanneti, Landy et 
al. 2011).  
SMC3 knockdown effects centromeric clustering but not centromeric 
cohesion 
 We tracked the centromeric cohesion using either an anti-CID antibody in 
SMC3 RNAi knockdown oocytes. In the wild-type germeria, due to centromeric 
clustering all eight centromeres are found in clusters of one or two, with a mean spot 
number of 2.3. In solo mutants homologous centromeric pairing and clustering were lost 
during early-mid pachytene. There were 5-8 CID spots in solo mutants indicative of loss 
of centromeric pairing in region 2a with a mean spot number of 6.3 (Yan and McKee 
2013).     In wildtype we can track 1-4 CID spots in all stages of oocyte developement 
(Figure 3-10A-B) indicating that the centromeric cohesion is intact. In solo mutants it 
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was seen that in later stages 5-7 the number of CID foci increases to 9-12 with a mean 
spot number of 8.9 indicative of loss of centromeric cohesion (Yan and McKee 2013). In 
the SMC3 RNAi knockdown germeria we observe 2-5 CID spots from region 2a to stage 
4 egg chambers (Figure 3-10C-D). Further quantifying this spot numbers we see the 
mean spot number is 3.2 (Table 3-16). This data indicates that due to SMC3 knockdown 
centromeric clustering is disrupted but not centromeric pairing as seen in case of other 
cohesion proteins (SOLO or SUNN).  But the CID spot numbers never increase to more 
than 8 spots in SMC3 knockdown, indicating there is no centromeric cohesion loss. 
Another recent study reported that SMC3 knockdown affected centromeric clustering 
but not cohesion, their CID spot assay mean spot number is very similar to our study 
(Gyuricza, Manheimer et al. 2016).  In solo or sunn mutants it has been observed that 
centromeric cohesion is lost (Yan and McKee 2013, Krishnan, Thomas et al. 2014). 
Another recent study observed similar phenotype in SMC3 knockdown germeria. They 
used a FISH based approach to observe that arm cohesion is abolished in SMC3 
knockdown oocytes but centromeric cohesion is maintained in oocytes (Guo, Batiha et 
al. 2016). Maybe centromeric cohesion is controlled by SOS proteins. Alternately, small 
amount of core cohesin SMC3 may be sufficient to form the cohesin complex with 
SMC1 and the SOS proteins and maintain centromeric cohesion. This observation has 
been predicted by a recent study (Gyuricza, Manheimer et al. 2016). When they looked 
at the centromeric cohesion in SMC3 knockdown oocytes, they found no loss of 
centromeric cohesion. So, they speculated that small amount of core cohesins are good 
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enough to hold the centromere. This result suggests that SMC3 may affect centromeric 
clustering but not centromeric cohesion in Drosophila female meiosis.  
SMC3 knockdown did not impair the localization of SOLO to 
centromeres 
 In males we have seen SOLO localization is not disrupted by SMC3 knockdown. 
We performed immunofluorescence technique to visualize SOLO localization utilizing 
Venus::SOLO transgene under the control of NGMVD1 germline driver. We also stained 
the oocytes with an anti-CID antibody to track centromeres and anti-C(3)G antibody to 
mark the oocyte in the egg chambers. In wildtype control oocytes SOLO localizes to 
centromeres in germaria and both oocyte and nurse cells (Yan and McKee 2013). In 
SMC3 knockdown germeria and oocytes we observe similar localization of 
Venus::SOLO (Figure 3-11). White arrows in magnified images of regions 2a and 2b of 
germerium show colocalization of CID and SOLO spots. This indicates SOLO 
localization to centromeres is not impaired by SMC3 knockdown. It can be noted that 
SOLO signal is weaker than wildtype (Figure 3-11A). In stage 5 egg chamber we 
observe Venus::SOLO spots in both oocyte and nurse cell centromeres, indicating 
wildtype localization. SOLO localization pattern indicates may be SOS proteins are able 
to maintain centromeric cohesion in Drosophila female meiosis in SMC3 knockdown 
conditions. A current study has shown in sunn mutations, centromeric cohesion is 
abolished in metaphase I arrested oocytes (12-16 spots) (Gyuricza, Manheimer et al. 
2016).  
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Figure 3-10 SMC3 knockdown disrupts SC, centromeric clustering but 
not centroemric cohesion 
Germeria and egg chambers are shown. Then selected regions are magnified to 
observe SC morphology and CID spot numbers in both wildtype controls (without driver) 
and SMC3 knockdown. DNA is blue, C(3)G is green and CID is red. 10A. In Wildtype 
control germeria we can observe fully formed filamentous morphology of SC. Regions of 
germanium are labelled as 1, 2a, 2b and 3. White arrows in middle panel indicate C(3)G 
morphology and in left panel indicate CID spot number. Bottom panel is an egg 
chamber belonging between stages 2-4 of vitellarium. White arrows in middle bottom 
panel indicate C(3)G morphology and in left most bottom panel indicate centromeric 
clustering (1 CID spot). Bottommost panel shows a stage 7 oocyte where SC complex 
has disassembled and karyosome is formed. 10B. Magnified images of selected regions 
from region 2a, 2b and 3of germarium and egg chamber stages 4 and 7 are shown. The 
filamentous SC morphology can be clearly visualized in this widtype control oocytes. 
10C. In SMC3 knockdown oocytes we can see disrupted SC morphology indicated by 
C(3)G staining around the edges of the nuclei. The CID spots in this germeria indicate 
loss of centromeric clustering not pairing or cohesion. 10D. Magnified images of regions 
selected from 2b of the germarium and stage 4 and 5 of vitellaria show disrupted 
morphology of SC, visualized by C(3)G staining. SC disassembly phenotype is similar to 
stage 7 phenotype of the wildtype egg chambers. 3 CID spots indicate loss of 
centromeric clustering.  
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Figure 3-10 Continued 
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Figure 3-10 Continued” 
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Figure 3-10 Continued 
 
 
 
 
 
 
  
 
108 
Table 3-16 Quantification of CID spots in SMC3 knockdown oocytes 
 
 
 
Region 2a and 2b are from germeria and Stages 2-7 represent vitellarium of the 
oocytes. N = total number of meiotic nuclei counted to quantify CID spot numbers. Mean 
spot numbers were calculated and standard deviation was incorporated to further 
quantify this data. This quantification table indicates loss of centromeric clustering in 
SMC3 knockdown oocytes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Oocyte stage Spot numbers Parameters 
Germarium 1 2 3 4 5 >8 N Mean Spot ± SD 
Region 2a 0 36 37 40 13 0 126 3.2 ± 0.98 
Region 2b 0 20 22 33 7 0 84 3.2 ± 1.05 
Stages 2-4 2 6 14 5 2 0 29 3.1 ± 1.06 
Stages 5-7 0 4 12 12 0 0 28 3.2 ± 0.70 
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Figure 3-11 Venus::SOLO spots indicate wildtype localization in SMC3 
knockdown oocytes 
DNA is blue, Venus::SOLO is green and CID is red. Germerium stages are labelled 
region 1, 2a, 2b and 3. Stage 5 of vitellerium is a magnified image to visualize CID and 
SOLO spots. 11A. Wildtype co-localization of SOLO and CID in germeria. 11B. SOLO 
colocalizes with CID in germerium in SMC3 knockdown oocytes. White arrows mark the 
regions of colocalized spots of Venus::SOLO and CID. 11C. SOLO spots are enriched 
on oocyte and nurse cell centromeres. This white arrow marks SOLO localized on 
oocyte centromere. Thick white arrow marks nurse cell nucleus. 11D. Stage 4 and 5 
oocytes are recognized using C(3)G staining (green) and SOLO spots are red. When 
SMC3 is knockdown we observe early disassembly of SC, indicated by diffused C(3)G 
staining. SOLO localizes normally to oocyte centromere in stage 4 and stage 5 of SMC3 
knockdown oocyte.  
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Figure 3-11 Continued 
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CHAPTER FOUR 
DISCUSSIONS AND FUTURE DIRECTIONS 
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The main goal of this study was to uncover the role of mitotic cohesins in 
Drosophila meiosis. There have been previous studies that have shown SOS 
(SOLO/ORD/SUNN) to be involved in cohesion in Drosophila. But there was not much 
known about the role of core cohesins in Drosophila meiosis. This study is a novel 
approach in exploring the role of SMC3 (core cohesin) in Drosophila male and female 
meiosis. This study utilized RNAi depletion of SMC3 in germline and observed its 
effects on chromosome segregation, centromeric cohesion and homolog synapsis in 
Drosophila meiosis. This study presents an interesting view of cohesion and cohesins in 
Drosophila meiosis and opens new future avenues to understand cohesion in 
Drosophila meiosis. The results of this study suggest the hypothesis that SOLO along 
with SUNN and ORD can provide cohesion to centromeres in the absence of the 
cohesins. This is the first clear evidence for a non-cohesin-based cohesion mechanism 
in any eukaryote.   
SMC3 knockdown is effective in Drosophila germline 
 SMC3 is an essential part of the mitotic core cohesin complex (Nasmyth and 
Haering 2009) and no viable mutants are available to study its role in Drosophila 
meiosis. So, we took an RNAi approach to knockdown SMC3 mRNA in Drosophila 
germline. We expressed shRNAi (short hairpin) against SMC3 mRNA using a 
ubiquitous Actin-5C-GAL4 driver. In this cross if there was a zygotic lethality then flies 
having both Actin-5C-GAL4 driver and shRNAi (SMC3318) against SMC3 mRNA will not 
survive. We observed this zygotic lethality in our test cross for SMC3 and the sibling 
control from this cross, without the Actin-5C-GAL4 driver, survived. In a different study, 
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the same SMC3 RNAi construct (SMC3318) was used to knockdown SMC3 using a 
ubiquitous driver tubP-GAL4 and similar zygotic lethality was observed (Tanneti, Landy 
et al. 2011). That study like our study concluded that SMC3 RNAi knockdown was 
effective. Another different study utilized the same SMC3 RNAi line (SMC3318) to a 
knockdown in female meiosis and concluded that the knockdown was efficient (Weng, 
Jeffreys et al. 2014). We used a germline specific NGMVD1 driver to knockdown SMC3 to 
study its effect in Drosophila male and female meiosis. Similar approach ha been used 
with a germline specific driver to get an insight into SMC3 knockdown phenotypes in 
different stages of Drosophila female meiosis  (Tanneti, Landy et al. 2011) (Weng, 
Jeffreys et al. 2014) (Guo, Batiha et al. 2016) (Gyuricza, Manheimer et al. 2016). Like 
the above mentioned current studies, we also did a qRT-PCR to quantify the 
knockdown efficiency of SMC3 in Drosophila male germline. The knockdown efficiency 
(70%) observed in our study can be an underestimation of the real knockdown 
efficiency. This is because we dissected whole testis samples to do this quantification 
assay. In Drosophila testis there is a mix of somatic and meiotic cells. We are only 
knocking down SMC3 in meiotic cells but not in somatic cells. So, we may have been 
knocking down SMC3 more than our quantitative value. Similar qRT-PCR experiments 
done in female meiosis (stage specific oocyte enrichment) shows over 90-95% 
knockdown of SMC3 (Guo, Batiha et al. 2016) (Gyuricza, Manheimer et al. 2016). All 
the studies mentioned above similar to ours found SMC3 knockdown females to be 
sterile (Tanneti, Landy et al. 2011) (Weng, Jeffreys et al. 2014) (Guo, Batiha et al. 2016) 
(Gyuricza, Manheimer et al. 2016). This sterility in females is due to maternal-effect 
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lethality (MEL) caused by depletion of SMC3. The embryos die due to their mothers 
being depleted of essential gene products required for early cleavage divisions and 
zygotic gene products needed to support later embryonic divisions. Cohesins are both 
zygotic lethal and MELs (Perrimon, Lanjuin et al. 1996).  
 According to Drosophila Spermatogenesis Expression Database (SpPress), 
SMC3 gene expression decreases as cells in Drosophila testis move from mitotic cycle 
to meiotic cycle and post–meiotic phase during spermatogenesis (Vibranovski, Lopes et 
al. 2009). This information helps us to understand that there is no increase or high 
turnover of SMC3 gene expression during meiosis in males. So, knockdown of SMC3 in 
male germline is effective. This result taken together with zygotic lethality, MEL, and 
quantified knockdown makes it clear that SMC3 knocked down efficiently in Drosophila 
germline. But some of the interesting results of this study can be argued to be an effect 
due to incomplete knockdown of SMC3 in Drosophila germline. May be future 
researchers will consider all factors while evaluating these results in our study. 
 In future, we can use mutations like grandchildless (Santos and Lehmann 2004), 
where there are no germline cells but only somatic cells are present and do a 
comparative qRT-PCR to understand the expression of SMC3 in Drosophila meiotic 
cells vs somatic cells (in a knockdown and wild type background). But for future studies, 
we also recommend the use of protein degradation techniques (deGradFP or Auxin-
degron) to degrade cohesin proteins in meiosis and observe their phenotypes 
(Nishimura, Fukagawa et al. 2009) (Caussinus, Kanca et al. 2013). A good SMC3 
antibody should be developed to observe its detectable level for understanding SMC3 
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degradation or knockdown in Drosophila germline. RNA-FISH can be another approach 
taken to visualize cohesin knockdown in Drosophila germline. It will be very interesting 
to observe the results of those future studies and compare with results of this study. It 
will be interesting to observe the difference between mitotic and meiotic functions of 
cohesins in Drosophila meiosis. . A current study has introduced high performance 
probes for microscopy. The researchers call it “spaghetti monster”. This study have 
utilized a GFP molecule with an internal loop that accommodates large insertion of 
epitope tags (HA, myc, V5,FLAG, etc) but still retains proper protein folding and 
fluorescence (Viswanathan, Williams et al. 2015). If good antibodies are not available 
for cohesins we can use CRISPR to tag the SMC1 or SMC3 gene loci with this modified 
GFP and observe their localization in Drosophila germline.  
 
Knockdown of SMC3 disrupts cohesion of chromosomes 2 and 3 but 
has little or no effect on cohesion of the sex chromosomes or 
chromosome 4 
 When SMC3 is depleted in spermatocytes, it affects the cohesion of 
chromosome 2 and 3, and we observe NDJ events. In the chromosome 2 NDJ tests, we 
get 9.52 progeny per knockdown male and in chromosome 3 NDJ test we get 8.56 
progeny per male. This genetic test produces progeny when there is chromosome NDJ 
and produces no progeny if there is no NDJ. So, the progeny per male value gives you 
an indirect estimation of NDJ happening due to depletion of SMC3 in spermatocytes. In 
the case of other proteins like SOLO or SUNN, which are required for the cohesion of all 
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chromosome pairs we see progeny per male be 15.42 and 13.77 respectively (for 
chromosome 2 NDJ) (Yan, Thomas et al. 2010, Yan and McKee 2013) (Krishnan, 
Thomas et al. 2014). The mutations in homolog conjunction proteins produced 22-25 
progeny per male for chromosome 2 NDJ test (Thomas, Soltani-Bejnood et al. 2005). 
The results for SMC3 knockdown causing chromosome 2 and 3 NDJ is very different 
from other proteins studied earlier. This may be due to viability issues related to the 
crosses. SMC3 has been associated with different molecular functions along with 
cohesion (Peters, Tedeschi et al. 2008). Maybe due to that reason when SMC3 is 
knocked down in the germline it can affect the viability of the flies, while other meiotic 
proteins may not be as versatile in function as cohesins. 
When sister chromatid NDJ frequency was calculated it was seen to be 22% and 
28.6% of total chromosome 2 NDJ for SOLO and SUNN mutations respectively. We 
know that random chromatid segregation would yield 2/3 homolog NDJ, 1/3 sister 
chromatid NDJ.  SUNN isn’t too far from this (29% versus 33%) although solo looks a 
bit off – SNDJ somewhat too low).  Could be viability effects however – the sister 
chromatid NDJ progeny are homozgyotes whereas the homolog NDJ progeny are 
heterozygotes in this assay.  Viability effects would be expected to favor heterozygotes.  
In the case of chromosome 2 NDJ we observed that most of the NDJ in the SMC3kd 
occurred due to sister chromatid NDJ, which is 85.24%. The sister chromatid NDJ 
frequency for SMC3 knockdown is more than SOLO or SUNN, while SOLO or SUNN 
had homolog NDJ frequency more than a SMC3 knockdown. This means due to 
knockdown of SMC3 the autosomes (2nd and 3rd) suffer separation defects more often in 
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meiosis II than meiosis I, while other proteins linked with cohesion suffer from more 
severe homolog NDJ, and their segregation defect is random for the autosomes. This is 
most striking feature about the autosomal NDJ observed in case of SMC3 knockdown 
when compared with SOS proteins. Future studies with advanced depletion techniques 
can observe closely at this phenomenon and record whether this stays same or these 
changes.  
We also did knockdown of RAD21, and it had no effect on the meiotic cohesion 
of chromosome 2 and 3. A current study in female meiosis also found RAD21 to be 
dispensable for female meiotic chromosome cohesion but only needed to maintain SC 
after establishment (Urban, Nagarkar-Jaiswal et al. 2014).  
 On the other hand SMC3 knockdown has little effect on sex chromosome NDJ 
but no effect on 4th chromosome NDJ. Knockdown of SMC3 causes 2.86% sex 
chromosome NDJ, while SOLO or SUNN causes 58% and 56% sex chromosome NDJ 
(Yan, Thomas et al. 2010, Krishnan, Thomas et al. 2014).  The main difference here is 
SMC3 is a knockdown approach but for SOLO and SUNN the studies used mutants. It 
can be speculated that SMC3 knockdown was not enough to affect sex chromosome 
cohesion. But sex chromosome segregation is affected, and it is different from wildtype 
segregation. There have been studies showing sequential loading of cohesins during 
grasshopper meiosis (Valdeolmillos, Viera et al. 2007). Based on this fact we can 
speculate  
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Figure 4-1 Progeny per male data for different meiotic genes affecting 
chromosome 2 
mnm= Mod(mdg4) in Meiosis; snm=Stromalin in Meiosis; solo= Sisters On the Loose; 
sunn= Sisters Unbound; smc3= Structural Maintenance of Chromosome 3; 
Values for progeny per male obtained for mnm and snm from (Thomas, Soltani-Bejnood 
et al. 2005). Values for progeny per male obtained for solo and sunn from (Yan, 
Thomas et al. 2010)and (Krishnan, Thomas et al. 2014).  
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may be in Drosophila meiosis cohesins are loaded on to sex chromosomes before 
autosomes and by the time we knockdown SMC3, most of the sex chromosomes in 
cells have established cohesion while autosomes have not. In budding yeast, it is seen 
that quantized depletion of cohesins can cause a different impact on cohesin function 
(Heidinger-Pauli, Mert et al. 2010). There is no such study in Drosophila; maybe this 
study can form the basis of such future studies to understand cohesin knockdown and 
phenotypes. Alternatively based on our data we can put forth a hypothesis may be sex 
chromosome cohesion and autosomal cohesion have different mechanisms. Drosophila 
meiosis has SOS proteins affecting cohesion of all four chromosome pairs in meiosis, 
may be working as a redundant complex to cohesins in Drosophila male meiosis. It will 
be interesting in future studies use different depletion techniques and compare the 
results of this study with theirs. That kind of comparison can open new avenues of 
research and better understanding of Drosophila cohesion. 
 The knockdown of SMC3 has no effect on chromosome 4 NDJ. This is quite 
different from what we know in solo or sunn mutations. But Drosophila 4th chromosome 
is different from other autosomes in size and heterochromatin content (Weiler and 
Wakimoto 1995).  Drosophila 4th chromosome is entirely heterochromatic with some 
dispersed euchromatic domains (Haynes, Gracheva et al. 2007). So, may be the 
heterochromatic content of 4th chromosome makes it refractive to cohesin knockdown. 
Another hypothesis can be drawn from the fact that heterochromatin makes 
chromosomes sticky, and chromosomes can stick together due more sticky content 
(Dernburg, Sedat et al. 1996). Keeping this consideration in mind, we can revisit sex 
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chromosome behavior and can hypothesize that due to stickiness provided by the 
heterochromatin content of sex chromosomes they also stick together more often than 
not during an SMC3 knockdown. Previous FISH studies have revealed that 4th 
chromosome pairs at heterochromatic region 61 and with the X chromosome throughout 
prophase I (Tsai, Yan et al. 2011). This supports the idea that cohesin at both 
chromosome pair can be refractive to SMC3 knockdown due to higher heterochromatic 
content. But it does not reject the idea of SOS complex being a meiosis-specific cohesin 
complex.  
 In future studies, this differential effect of cohesin knockdown between 
autosomes (2 and 3) and sex chromosomes or 4th chromosomes observed in our 
studies can be used to develop homology modeling studies to understand cohesin 
loading mechanism in Drosophila (Kurkcuoglu and Bates 2010). It would be also very 
interesting to look for redundancy with heterochromatic pathways like HP1/Suvar3-9 
and cohesins for 4th chromosome.  
SMC3 knockdown causes PSCS and meiosis II NDJ of autosomes 
 The FISH study with a probe against 1.686 region revealed that chromosome 2 
and 3 undergo missegregation due to PSCS and meiosis II NDJ can be estimated from 
their separation pattern.  It was not possible to understand whether there is any 
homolog missegregation happening at anaphase I. In our SMC3 knockdown we never 
get more than 4 spots at prophase II for probe against 1.686 satellite regions.  If the 4 
chromatids for chromosome 2 and the 4 chromatids for chromosome 3 segregated 3:1 
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or 4:0 at substantial frequencies, we should have seen a range of spot numbers from 0 
to 8.  0 and 8 would likely be fairly rare, but 1 and 7 or 2 and 6 or 3, and 5 should be 
pretty common.  Of those, only 2 and 3-spotters are common, but those can be 
explained as 4—spotters where one or both of the sister pairs are still cohesive. That is 
why the estimate for the frequency of meiosis I NDJ is zero. Although there is 45% of 
estimated PSCS in meiosis, I  calculated from meiosis I mean spot number. 
Unfortunately autosomal FISH does not distinguish between sister and homolog 
chromatids, so we don’t know if we are observing homolog segregation defects. But this 
result is in agreement with the fact that homolog conjunction complex is functioning 
normally in these cohesin depleted cells. Taken together all these facts, we can justify 
the lack of understanding autosomal segregation pattern in this study at meiosis I.  
 By looking at the spot distribution in spermatids, meiosis II NDJ can be estimated 
in this assay. From our study, we know cells entering meiosis II has 4 spots for 1.686 
regions (2 each for each chromosome). So, if there were no meiosis II NDJ, then we 
would have observed all spermatids with 2 spots. But our data suggest that we observe 
a variety of spot numbers ranging from 0, 1, 2, 3 and 4. We adjusted this data set to 
incorporate the spot loss happening in this assay due to spots clumping together or 
lying over each other. We made 3 groups of spotters together: 0-4 spotters (reciprocal 
classes of same segregation events), 1-3 spotters (one chromosome normally 
segregate while other non-disjoint and the spot loss can cancel each other) and 2-
spotters (where the previous data set can cancel out the spot loss effect). The average 
NDJ frequency for both chromosomes was considered to be n. When n=0 means no 
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NDJ and n=0.5 means a random assortment of chromatids, helped us estimate that 
average NDJ frequency of chromosome 2 and 3 is 25.7% in meiosis II. As in the 
spermatid data we had no spotters in the range more than 5 which would have occurred 
due to severe meiosis I NDJ events, again re-established the idea of meiosis I NDJ 
being undetectable in this assay.. This data can be used in future studies combined with 
specific probes against chromosome 2 and 3 centromeric regions and compare the 
segregation defects. This data is a unique study done to understand sister chromatid 
cohesion in Drosophila male meiosis.  
SMC3 knockdown has no effect on sex chromosome segregation 
 This FISH study was conducted to visualize any segregation difference between 
homologous sex chromosomes. We obtained that there was no sex chromosome 
missegregation at anaphase I. All the cells had normal segregation of sex 
chromosomes, i.e. XX/YY pattern. In the case of other cohesion proteins like SOLO or 
SUNN, we have seen XY/XY as the predominant segregation pattern when cohesion is 
lost among the sex chromosomes (Yan, Thomas et al. 2010, Krishnan, Thomas et al. 
2014). We also see small proportion of XXY/Y and X/XYY segregation class in FISH 
studies in SOLO and SUNN mutants. This data from those previous studies suggest 
that as conjunction complex is functional, they do not observe more cells with XXY/Y 
and X/XYY segregation patterns. In the study with SOLO, we also note that with the 
introduction of snm mutants change the segregation pattern defects more towards 
XXY/Y and X/XYY patterns. In our study, we did not quantify the meiosis II segregation 
patterns for the sex chromosomes. But observing 1.686 data set, we propose that 
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meiosis II patterns would be essential to complete the FISH studies for the sex 
chromosome homologs. These data along with previous data for other cohesion 
proteins indicate that the chromosome conjunction complex can help in proper meiosis I 
segregation although the sister chromatid cohesion can be totally lost at that point. Our 
data also suggests may be a non-cohesin based protein complex can do the function of 
sex chromosome cohesion or a small portion of SMC3 protein along with other cohesins 
can carry forward cohesion in sex chromosomes. In future studies, 4th chromosome 
FISH will substantiate the data from our study. 
Cohesion from all centromeres is not lost in SMC3 knockdown 
 We directly tested centromeric cohesion for the SMC3 knockdown spermatocytes 
and found that 50% of the spermatocytes suffer from loss of centromeric cohesion while 
others function normally. This is a very interesting piece of data that suggests when we 
deplete SMC3 (a core cohesin) from spermatocytes, 50% of the cells retain centromeric 
cohesion. This data can be argued with the fact that due to inadequate knockdown we 
observe this phenomenon. But we can argue against that notion in detail when we 
discuss the state of centromeric cohesion in female meiosis (where the knockdown 
estimation of SMC3 is more than what we observe in males) (Guo, Batiha et al. 2016). If 
we carefully look at the mean spot numbers obtained in our study and compare it to 
SOLO or SUNN numbers, we can clearly see a difference. This difference may be due 
to cohesion maintained by SOS proteins. There can be few other probable causes 
discussed in this section other than SOS-mediated cohesion or separate meiotic 
cohesion complex at work in male meiosis. In previous immunostaining studies of 
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cohesins at chromosome bivalents of mammalian metaphase I, have revealed that 
there may be cohesin complexes localizing at different centromeric spots missing one or 
two of major cohesin subunits (Revenkova et. al., 2001; Ejipe et. al., 2000; Suja and 
Berbero, 2009). In mammalian metaphase I it is observed that RAD21 and SMC1β 
occupy the entire inner centromeric domain while other cohesins like SMC3, STAG3 
and REC8 occupy a vertical subdomain of the inner centromeric region (Suja and 
Berbero, 2009). These data have led to a hypothesis that there may be meiotic cohesin 
complexes with a homodimer of SMC1 β / SMC1 β/ RAD21 and SMC3 / SMC3 / REC8 / 
STAG3 (Suja and Berbero, 2009). Still, there is no direct evidence provided to 
substantiate this hypothesis. But in our study, the difference in autosomal cohesion and 
sex chromosome cohesion can be explained utilizing the hypothesis from the 
mammalian cohesion study. Maybe SMC1 forms a homodimer and complete a meiotic 
cohesin complex in Drosophila spermatocytes with SOLO and SUNN (SMC1 / SOLO / 
SUNN). A good SMC1 and SMC3 antibody developed in the future in Drosophila male 
meiosis can test this hypothesis. A good knockdown of SMC1 can also help to solve this 
question. 
 Another alternate hypothesis that can be tested in male meiosis is, whether MEI-
S332 helps in cohesion in the absence of SMC3? In early days of its discovery MEI-
S332 was thought to be a sister chromatid cohesion protein till its cohesin protector 
function was discovered (Kibruz et. al., 2005; Lee et. al., 2005). MEI-S332 has an 
amino-terminal a coiled-coil domain, and it was predicted that it can mediate protein-
protein interactions through that domain with meiotic proteins (Lang et. al., 1998). So, 
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may be MEI-S332 can be a backup cohesion protein in Drosophila meiosis. We can test 
whether MEI-S332 localization is like wildtype in SMC3 depleted spermatocytes and 
then, in future studies we can test this backup cohesion protein hypothesis by 
overexpressing MEI-S332 in an SMC3 knockdown background and observe whether it 
can rescue autosomal NDJ events. Taken together all these possibilities we can 
conclude that this study provides a unique opportunity to study different proteins in 
Drosophila meiosis and find new roles for them. 
SOLO Localization dynamics is not changed in SMC3 knockdown 
spermatocytes 
 SOLO normally localizes to centromeres in SMC3 knockdown spermatocytes. 
Quantification of Venus:: SOLO signal indicates a similar pattern observed in CID spot 
assay during an SMC3 knockdown. The Table 9 and 10 in the results section indicate 
that Venus:: SOLO localization to its centromeric location is not affected by cohesin 
knockdown. We know SOLO is required for SMC1 localization to spermatocyte 
centromeres (Yan et. al., 2010), so we can hypothesize that SMC1 may be present at 
the centromeres in male meiosis. There is a line of evidence in female meiosis where it 
is shown that SMC1 localization is disrupted (arm and centromeric) in SMC3 
knockdown oocytes (Tanneti et. al., 2011). This brings us back to our hypothesis about 
SOS complex present at the centromere in meiosis can complete cohesion in the 
absence of cohesins. If this is true, this study will be a novel study first predicting such 
outcome. To substantiate our claim SUNN::Venus and ORD::GFP localization should be 
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tested in SMC3 depleted meiotic cells in future. If above said hypothesis about SOS 
proteins holds true then we can predict this 50% not loss of cohesion in CID spot assay 
and Venus::SOLO assay is due to SOS proteins or backup cohesion proteins. This 
study has for the first time showed that SOLO localizes to cohesive and non-cohesive 
centromeres and SOLO. So, we can suggest that SOLO can be a new centromeric 
marker for future meiotic studies done in Drosophila meiosis.  
SMC3 knockdown with combination of different cohesin mutations 
and multiple RNAi constructs did not show any different results 
 Several avenues were tried in our study to get the maximum impact from SMC3 
RNAi knockdown in meiosis. The first approach was to knockdown SMC3 in a 
c(2)mEP2115 mutant background. C(2)M Interacts with SMC1 and SMC3(Heidmann et. 
al., 2004; Urban et. al., 2014). So the hypothesis was to test whether in the absence of 
SMC3 C(2)M can compensate to complete the cohesin complex (Heidmann et. al., 
2004; Urban et. al., 2014). But we found no such effect of C(2)M on male meiotic 
cohesion and this result is in agreement with a previous study that predicted C(2)M has 
no role in sex chromosome segregation in male meiosis (Manheim et. al., 2003). This 
study substantiated that claim, and C(2)M can be omitted from further studies trying to 
understand cohesion in male meiosis. C(2)M can have a different role in Drosophila 
male germline.  
 The second approach was creating a transgenic line driven by NGMVD1 germline 
driver. We hypothesized that if the phenotypes we observed in this study were due to 
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incomplete knockdown, this approach might eliminate such claims. We found no 
difference in our genetic assays to understand autosomal and sex chromosome NDJ in 
these transgenic flies. This data suggests may be SMC3 knockdown in spermatocytes 
is enough and there is a backup cohesion mechanism working along with cohesins. But 
we never did a qRT-PCR with these flies to compare knockdown, and we did not try a 
different combination of NGMVD1 germline, and SMC3 RNAi constructs (2 drivers + one 
sh RNA construct or 2 drivers + two sh RNA constructs). A different study suggests that 
2 drivers driving a construct may be more effective than the combination we tried in our 
study (Ni et. al., 2009). In future studies, we strongly suggest performing this 
combination. But we are sure based on our data; this may not change our findings and 
may establish our hypothesis of backup cohesion more firmly.  
 The third and final approach was to express the SMC3 RNAi construct in a 
heterozygous cohesin mutant background (SMC1+/-) to make a strong mutant. We 
conducted an FISH-based approach to understanding segregation pattern of sex 
chromosomes in these flies. We found similar results observed here as in the case of an 
SMC3 knockdown. The sex chromosomes segregate normally. In the Drosophila 
germline, we have 50% less functional SMC1 and 70% knocked down SMC3 but still 
sex chromosome segregation is not affected. This data again points towards our 
argument of cohesion without cohesins in Drosophila male meiosis. There are studies in 
mammalian cells that show an imbalance in SMC1 protein when SMC3 is knocked 
down and vice versa (Laugsch et. al., 2013). So, we can predict such events may occur 
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in our SMC3 depleted spermatocytes. In future studies, this consideration may turn out 
important in understanding cohesins and cohesion in Drosophila meiosis.  
 In future studies a dominant negative version of SMC3 can be used to test 
cohesin functionality in germline. We can create a dominant negative mutant for 
ATPase domain of SMC3, so that it can form a heterodimer with SMC1 but the ring will 
fail to entrap the sister chromatin. This approach can help us understand the role of 
cohesins in Drosophila meiosis. 
Knockdown of cohesin co-factors did not disrupt chromosome 
segregation in male meiosis 
 When we tested the RNAi constructs with a ubiquitous Actin-5C-GAL4 driver, we 
found that cohesin co-factor constructs were not that efficient in knocking down the 
target mRNA. The only candidate who showed to have similar efficient RNAi construct 
was San. We went ahead and tested all co-factor RNAi lines for autosomal 
chromosome segregation defects in male meiosis. We found no progeny from NDJ 
events and concluded that chromosomes segregated properly. This part of the study re-
establishes the fact that inefficient knockdown cannot give rise to NDJ phenotype. For 
future studies, we recommend that new RNAi lines available in TRiP resource should be 
further tried to see whether they have a role in male meiosis. Some of the new RNAi 
transgenic lines for SA, Nipped-B and Deco, has been tested in female meiosis and 
have shown to have effective results (Gyuricza et. al., 2016; Weng et. al., 2014). Weng 
et. al. even suggested the use of a Dicer to augment the knockdown in the female 
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germline. That can be tried in future studies in male germline too. Using CRISPR-Cas9 
system biallelic mutants of cohesins can be created in germline. This kind oif approach 
can be very informative in understanding cohesion and cohesins in germline meiosis 
(Port, Chen et al. 2014). 
Knockdown of SMC3 disrupts Synaptonemal Complex but not 
centromeric cohesion in Drosophila oocytes 
 Our study has observed that synaptonemal complex (SC) formation is disrupted 
by the SMC3 knockdown. This is visualized by antibody staining against transverse 
filament protein C(3)G. Another study has also seen the same phenotype with the 
knockdown of SMC3318 construct with NGMVD1 driver (same as our study) in the female 
germline. This study has also seen the disappearance of the SMC1 signal from 
chromosome arms and centromeres in SMC3 knockdown oocytes (Tanneti et. al., 
2011). Another current study has shown that in SMC3 knockdown metaphase I arrested 
stage 14 oocytes; arm cohesion is lost (Guo et. al., 2016). Combining our data with the 
previous studies, we can hypothesize that SMC3 is essential protein for arm cohesion in 
Drosophila female meiosis. Arm cohesion is not established due to loss of SMC3, and 
that may be the reason for disruption of SC, as observed in SMC3 knockdown oocytes. 
The surprising twist to this story is centromeric cohesion is maintained in Drosophila 
oocytes until metaphase I (Guo et. al., 2016; Gyuricza et al., 2016). Our study found 
that centromeric clustering is lost in Drosophila germarium. This result is similar to 
results observed by Gyuricza et. al. But in their study Gyuricza et. al. has proposed that 
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small amount of SMC3 left in the oocytes post knockdown can combine with SMC1 and 
form stable cohesin complex at the centromeres of oocytes. They have proposed two 
possible cohesin complexes in female meiosis: SMC1 / SMC3 / SOLO / SUNN (at 
centromere) and SMC1 / SMC3 / C(2)M / SA / Nipped –B (at the arm). But in their study 
they have also observed that SOLO / ORD / SUNN can assemble C(3)G at 
chromosome arms in the absence of C(2)M / SA / Nipped –B (Gyuricza et al., 2016). 
The previous study has shown the disappearance of SMC1 from arms and centromere 
in the SMC3 knockdown oocyte. Does that mean SMC1 in undetectable levels and 
SMC3 in low levels can still form stable cohesion complex at oocyte centromere? This 
question can be answered better with the development of good SMC antibodies in 
Drosophila meiosis. Weng et. al. found that cohesins (SMC1/SMC3/SA) are required to 
be rejuvenated in later stages of meiosis to maintain SC complex and for proper 
chromosome segregation (Weng et. al., 2014). If this is true, then it will be interesting to 
test the centromeric cohesion theory in their Deco knockdown oocytes. Also, in future 
studies, it will be important to address whether knockdown of SOLO / SUNN / ORD 
causes a similar effect to centromeric cohesion in oocytes. We will knockdown SOS 
proteins after the SC is established and observe whether this affects the centromeric 
cohesion and stage 14 oocyte metaphase I arrest. If the answer turns out to be positive, 
then our theory of SOS complex being an independent cohesion complex in Drosophila 
meiosis will be acknowledged. All these data are taken together it feels like the one of 
the major difference between male meiotic cohesion and female meiotic cohesion in our 
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study is centromeric cohesion. But still, our theory of redundant complex acting as 
backup cohesion complex in the absence of cohesin stands well. 
SOLO localizes to centromeres in SMC3 knockdown female oocytes 
 Similar to male meiosis, Venus::SOLO protein localizes to centromeres in female 
meiotic cells. The only difference is the intensity of the SOLO signal is weaker in female 
SMC3 knockdown oocytes compared to wild type oocytes. But SOLO is at the 
centromere; only these are cohesive centromeres, unlike spermatocytes. SOLO being 
present at cohesive centromeres can support the hypothesis that SOS proteins are 
required for centromeric cohesion in female meiosis in the absence of SMC3 or another 
cohesin. Future biochemical studies can be pursued to identify SOLO interacting 
partners in SMC3 knockdown oocytes. If it does not pull down cohesins, then it will be 
an interesting avenue of future research. During that time this SMC3 knockdown oocyte 
can become an important tool. Post stage 7 oocyte neither SOLO nor SUNN signals 
have been observed in oocyte nuclei. Although current study has shown that the loss of 
centromeric cohesion in sunn mutants in stage 14 oocytes in female meiosis (Gyuricza 
et al., 2016). Maybe similar data would be observed in solo mutants. Taken together all 
these data, it can be proposed that mitotic cohesins may be slowly giving way to a 
meiotic-specific cohesion complex in Drosophila meiosis. SUNN has been shown to be 
similar to SA in Drosophila strongly argues towards the possibility of SOS protein 
associated non-cohesin cohesion complex. Finally, if some of the proposed hypothesis 
in this section is tested and accepted in the future, then this study will be acknowledged 
as one of the first novel studies to propose future consequences.  
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Table A-1 Contingency 1.686 quantification table 
 ≤ 4 Spots 1. >4 spots Stages of Meiosis 
Wildtype 30 
 
(12) 
0 
 
(17.9) 
PI 
Knockdown 20 
 
(37.9) 
74 
 
(56) 
PI 
Wildtype 40 
 
(22.5) 
0 
 
(17.4) 
PMI 
Knockdown 8 
 
(25.4) 
37 
 
(19.5) 
PMI 
Wildtype 35 
 
(12.1) 
0 
 
(22.8) 
MI 
Knockdown 7 
 
(29.8) 
79 
 
(56.1) 
MI 
 ≤ 2 Spots 2. >2 spots 
3.  
 
Wildtype 80 
 
(40.4) 
0 
 
(39.5) 
PII 
Knockdown 61 
 
(100.5) 
138 
 
(98.4) 
PII 
Wildtype 120 
 
(108.3) 
0 
 
(11.6) 
Spermatids 
Knockdown 584 
 
(595.6) 
76 
 
(64.3) 
Spermatids 
Expected Cell Frequency, e = (Row Total   x  Column Total) / N; This formula has 
been used to calculate the expected cell frequency, numbers written in the parenthesis. 
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Table A-2 Contingency CID quantification table 
 ≤ 8 Spots 4. >8 spots Stages of Meiosis 
Wildtype 80 
 
(80) 
0 
 
(0) 
S1/S2 
Knockdown 139 
 
(139) 
0 
 
(0) 
S1/S2 
Wildtype 100 
 
(88.4) 
0 
 
(11.5) 
S3/S4 
Knockdown 100 
 
(111.5) 
26 
 
(14.4) 
S3/S4 
Wildtype 119 
 
(95.5) 
1 
 
(24.4) 
S5/S6 
Knockdown 49 
 
(72.4) 
42 
 
(18.5) 
S5/S6 
Wildtype 35 
 
(23.5) 
0 
 
(11.4) 
PMI 
Knockdown 25 
 
(36.4) 
29 
 
(17.5) 
PMI 
Wildtype 40 
 
(27.5) 
0 
 
(12.4) 
MI 
Knockdown 24 
 
(36.4) 
29 
 
(16.5) 
MI 
 ≤ 4 Spots >4 spots  
Wildtype 83 
 
(59.4) 
7 
 
(30.5) 
MII 
Knockdown 86 
 
(109.5) 
80 
 
(56.4) 
MII 
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Expected Cell Frequency, e = (Row Total   x  Column Total) / N; This formula has 
been used to calculate the expected cell frequency, numbers written in the parenthesis.  
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Table A-3 Contingency Venus ::SOLO quantification table 
 ≤ 8 Spots >8 spots Stages of Meiosis 
Wildtype 75 
 
(75) 
0 
 
(0) 
S1/S2 
Knockdown 50 
 
(50) 
0 
 
(0) 
S1/S2 
Wildtype 90 
 
(79.5) 
0 
 
(10.4) 
S3/S4 
Knockdown 85 
 
(95.4) 
23 
 
(12.5) 
S3/S4 
Wildtype 85 
 
(66.3) 
0 
 
(18.6) 
S5/S6 
Knockdown 36 
 
(54.6) 
34 
 
(15.3) 
S5/S6 
Wildtype 35 
 
(23) 
0 
 
(11.9) 
PMI 
Knockdown 19 
 
(36.4) 
28 
 
(17.5) 
PMI 
Wildtype 43 
 
(27.5) 
0 
 
(12.4) 
MI 
Knockdown 11 
 
(30.9) 
36 
 
(16) 
MI 
  
≤ 4 Spots 
 
>4 spots 
 
 
Wildtype 54 
 
(36.3) 
3 
 
(20.6) 
MII 
Knockdown 20 
 
(37.6) 
39 
 
(21.3) 
MII 
Expected Cell Frequency, e = (Row Total   x  Column Total) / N; This formula has 
been used to calculate the expected cell frequency, numbers written in the parenthesis. 
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